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Voltage-sensitive  sodium  channels  diat  generate  action  potentials  in  nerve  and  muscle  are  die 
targets  of  at  least  ten  (Ufferent  classes  of  paral^  neurotoxins.  Sodium  channels  have  been 
pu^ed  to  homogeneity  finom  mammalian  bram,  their  functional  activities  have  been  restored  by 
reconstitution  into  pluMpliolipkl  vesicles,  and  their  principal  subunit  has  been  cloned,  sequenc^ 
and  expressed.  In  previous  woric,  the  actimis  of  neurotoxins  rni  sodium  channels  have  bMn 
studied  using  a  combination  of  ion  flux  and  whde  cell  patch  voltage  clamp  techn^ues. 
Radicdigand  Inixtog  assays  have  been  develm^  for  each  of  die  several  neurotoxin  rec^tor  sites 
<Hi  the  purified  sodium  channel  from  mammalian  brain.  Neurotoxin  receptor  site  3,  whuh  binds 
scoqiion  and  sea  anemone  toxins,  has  been  located  to  an  extracellular  pq»de  segnwnt  in  domain  I 
of  ^  stxlium  channel  a  subunit  The  experiments  in  dds  otmtracthave  the  following  objectives: 

1.  Synthesize  peptides  corresponding  to  segments  ctf  the  sodium  channd  that  form  part  ^  die 
receptor  site  for  a-scorpion  toxins,  prepare  polyclonal  and  monoclonal  antibodies  against  diem, 
and  use  diese  reagents  to  devek^  an  effective  treatment  to  prevent  neurotoxicity  of  a-scorpion 
toxins  and  sea  anemcme  toxins;  2.  Gwalentlylabd  additional  neurotoxin  recqi^  sites  associated 
with  voltage-sensitive  sodium  channels;  3.  I^epare  additional  polyclonal  site-directed  anti^x^itide 
antibodies  against  defined  sequoices  of  the  rat  brain  sodium  channel  and  determine  dieir  binding 
sites  and  functional  effects;  4.  Locate  the  covalmdy  labeled  neurotoxin  receptor  sites  in  the 
primary  structure  oi  the  so^um  channel  using  site-erected  antibodies  and  protein  microsequencing 
mcAods;  and  S.  Prevent  toxin  binding  and  action  in  vitro  and  in  vivo  by  application  of 
monockmal  antibodies  against  tiie  peptide  components  of  tiie  toxin  receptor  sites  or  oi  synthetic 
peptides  which  mimic  tiie  peptide  compcments  of  tire  toxin  receptor  site. 

This  Mid-Term  Report  summarizes  the  progress  to  date  on  our  research  c(»tract  to  develop 
peptide  and/tv  antilxxty  reagents  which  prevent  the  actions  of  paralytic  neurotoxins  on  vdtage- 
sensitive  sodium  channels.  The  Report  is  organized  under  headings  conesponding  to  each  Task, 
and  Experimental  Procedures,  Results,  Discussion,  and  Figures  illustrating  data  relevant  to  each 
Task  are  presented  under  each  heading. 


TASK  L  INHIBITION  OF  ALPHA  SCORPION  TOXIN  BINDING 

Alpha  scorpion  toxins  are  basic  polypqitides  of  approximately  70  amino  acid  residues 
which  huid  to  neurotoxin  receptor  site  3  on  tire  sodium  channel  and  slow  sodium  channel 
iiuretivation.  Using  photoreactive  sco^km  toxin  derivatives,  we  have  previously  covalentiy 
labeled  a  petiypeptide  component  of  tiiis  recqptor  site  and  determined  that  tire  site  of  covalmt 
labeling  is  in  &  extracellular  region  of  homologous  domain  I  of  the  sodium  channel  a  subunit 
(Fig.  1).  The  work  under  tire  current  research  contract  has  followed  up  those  original  observatirxis 
by  devek^g  specific  antibody  and  peptide  reacts  designed  to  blodc  tire  access  of  the  toxin 
moleaile  to  its  receptor  site.  Anti-p^tide  antibodies  directed  agt^t  p^tide  segments  of  tire 
extracellular  domain  of  tire  sodium  duuuiel  were  prq)ared  and  tiidr  ability  to  prevent  toxin  binding 
to  tire  sodium  channel  was  studied  using  radioligW  binding  metiiods.  b  ad^tion,  peptides  were 
synthesized  corresponding  to  amino  acid  sequences  in  the  extracellular  domains  of  the  a  subunit 
and  tested  for  thmr  ability  to  block  tire  binding  of  a-scoq>k»  toxins  to  sodium  channels  by 
interacting  with  the  active  site  on  the  toxin.  The  effeos  of  these  reagents  on  tire  binding  (tf  a- 
scorpkm  tmcitis  wm  studied  for  purified  and  reccmstituted  sodium  channels,  sodium  channels  in 
rat  Ixain  synaptosomes,  uid  clcxi^  sodium  channels  expressed  in  a  clonal  mammalian  cell  line. 


EMiticuceatel  Praccdiirg 

Materials.  Leiurus  qmnquestriatus  toxin  V  (LqTx)  was  purified  from  venom  purchased 
from  Sigma  said  was  radiolabeled  by  lactoperoxidase  catalyzed  iodination  as  previously  describMl 
(CatteraU,  1977).  Batrachotoxin  (BTx)  was  a  gift  from  Dr.  Jdin  Daly  (Laboratory  of  Bioorganic 
Chemistry,  NIH). 
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Anti-peptide  antibodies.  Synthetic  peptides  and  antibodies  used  in  this  study  were 
prepared  using  me  method  as  described  by  Gordon  et  aL  (1987).  Peptides  coiresponding  to 
rescues  of  the  rat  bndn  l^pe  HA  sodium  channel  sequences  plus  an  N-tmminal  lysine  extenskm 
were  synthesized  by  solid  phase  method  (Menifiekl,  1963)  and  purified  by  revei^-phase  HPLC. 
Antisera  directed  against  s^dietk  peptides  coiresponding  to  different  sequences  of  the  Orsubunit 
the  Type  IIA  sodium  channel  wme  i»epared  as  describe  by  C3ordon  et  al  (1987, 1988).  A 
standard  glutaraldehyde  linkage  of  the  amino  groups  of  purifi^  peptides  to  BSA  was  perfonned 
using  die  method  of  Chth  (1979).  The  conjugate  was  dialyzed  aga^t  phosphate-buffered  saline 
and  emidsified  in  an  equal  vidume  of  Freund's  complete  adjuvant  (initial  injection)  or  incomplete 
adjuvant  (subsequent  boosts).  The  emulskm  was  injected  subcutaneously  into  New  Zealand  White 
rabbits  at  3-wedt  intervals.  Antisera  were  collected  after  the  second  injection,  purified,  and  tested 
for  antigen  recognition  by  RIA.  Identity  of  purified  peptides  was  verified  by  amino  ac^  analysis 
and  determination  of  amino  add  sequence.  IgG  was  isdated  fiom  antisera  by  protein  A-Sepharose 
chromat^pqdiy.  Fab  fiagments  were  genen^  fnxn  using  immobilized  papain  and  were 
resolved  fiooi  Fc  fiagments  and  umeat^  IgG  by  protein  A-^harose  chromatography.  All 
antibodies  recognize  the  peptide  antigen  in  HJS A  assays  carried  out  as  described  by  De  Jcmgh  et  al 
(19^,  1991)  am  bind  to  native  sodium  channels  in  immunqpredpitatkMi  assays  carried  out  as 
described  by  Costa  and  Catterall  (1984)  and  Gordon  et  al  (1988). 

125i.LqTx  Binding  to  Purified  and  Reconstituted  Sodium  Channel.  Rat  brain 
sodium  channels  purified  thrwgh  the  stq>  of  chromatograpy  on  wheat  gmm  agglutinin-Sephaiose 
(Haitshome  uid  Catterall,  1984)  at  concentrations  of  300-400  pmd/ml  in  a  solutkm  containing  25 
mM  Hepes-Tris  (pH  7.4),  100  mM  Na2S04, 0.4  mM  MgS04, 157  mM  N-acetylglucosamine,  4 
tetiodotoxin,  1.65%  Triton  X-100, 0.19%  phosphatidylcholine,  and  0.12% 
phos^j^tidylethanolamine  were  reconstituted  in  phospholipid  vesicles  as  previously  described 
(Tamkun  et  al,  1984;  Feller  et  al,  1985).  After  preincubation  of  rn^stituted  vesicles  witit 
preimmune  IgG,  site-directed  antibody,  or  mtxioclonal  antibody,  ^^I-LqTx  binding  assays  wtrt 
peffinmed  essentially  as  described  previously  (Tarnkun  et  al,  1984).  Assays  were  initial^  by  the 
action  of  40  pL  of  preincubation  mixture  to  160  pL  of  a  solution  omtaining  0.23  nM  i^I- 
LqTx,  105  mM  'nis-S04, 0.5  mM  MgS04, 25  mM  Hepes-Tris,  150  mM  sucrose,  and  4  mg/ml 
BSA,  pH  7.4.  The  sucrose  concentration  was  adjusted  to  maintain  osmolarity  equal  to  die 
intravesicular  medium.  The  reaction  mixture  was  dim  incubated  for  five  minutes  at  37**^  diluted 
widi  3  ml  (rf  wash  buffer  containing  163  mM  choline  chloride,  0.8  mM  MgS(^,  1.8  mM  CaQ^,  5 
mM  Hq^s  (adjusted  to  pH  7.4  with  Tiis  base),  1  mgAnl  BSA,  and  sucrose  suf^ent  to  maintain 
osmolarity,  filtered  ovn  GF/F  filters  under  vacuum  pressure,  and  washed  three  more  times  with 
the  same  wash  buffer.  Ncmspecific  toxin  binding  was  determined  in  the  presence  of  1  pM 
unfilled  LqTk  and  account^  for  20-40%  of  the  total  binding.  Approximately  75%  of  die 
nonspecific  binding  is  to  GF/F  filters  alone. 

125i.LqTx  Binding  to  Rat  Brain  Synaptosomes.  Rat  brain  synaptosomes  were 
prepared  as  previously  described  (Thomsen  and  Catterall,  1989)  and  stored  at  -80^  mtil  used. 
A^  preincubation  (ff  synaptosomes  with  IgG  as  describe  in  each  figure  legend,  ^^I-LqTx 
binding  was  quantitated  as  described  for  reconstituted  sodium  channel  Nonspecific  binding  was 
detemmied  in  the  presence  of  1  pM  LqTx  and  accounted  for  10-25%  of  the  tc^  binding. 

125i.LqTx  Binding  to  CNaIIA-1  cells.  Scorpion  toxin  binding  to  CNaIIA-1  cells 
was  measured  by  a  modification  of  die  mediod  of  Catterall  (1977)  as  describe  by  West  et  al 
(1992). 

RMMlta 

Inhibition  of  binding  of  ^^^I-LqTx  by  site-directed  antibodies.  We  began 
diese  studies  with  a  set  of  site-&ected  anti-p^de  antibodies  that  had  been  developed  in 
conjunction  with  localimtion  of  the  site  of  covalent  labeling  of  the  sodium  channel  by  photoreactive 
derivatives  of  Lq'n((Tejedor  and  Catterall,  1988).  This  previous  woik  resulted  in  the 
identification  of  a  region  in  the  extracellular  loop  b^ween  transmembrane  segments  S5  and  S6  of 
domain  I  as  a  component  of  the  scorpion  toxin  binding  site  (Fig.  1  A).  Six  site-directed  antibodies 
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(IgG)  that  recognize  diffoent  proposed  extracellultf  regions  of  the  Type  DA  sodium  channel  a- 
subunit  were  evaluated  for  their  ability  to  inhibit  i^I-LqTx  Innding  to  sodium  channels  in 
reconstitute  phosphdipid  vesicles  and  sym^itosomes  (Fig.  IB).  Preincubation  of  purified 
sodiurn  channels  reconstituted  in  phoroholipid  vesicles  with  three  of  the  six  antibodies,  anti-SP28, 
anti-SP31,  and  anti-SP29,  inhibited  125i.i^Tx  binding  by  28%,  55%,  and  54%,  respectively 
(Rg.  2A).  Similar  levels  of  antibody-mediated  inhibition  of  l^Si.Lqjx  binding  were  observed 
when  papally  puiifled  sodium  channel  was  preincubated  for  four  hours  at  40C  with  the  saine 
quantity  of  these  antibodies  prior  to  reconsdtutitMi  and  toxin  binding  assays.  Anti-SP8,  anti-SP14, 
and  anti-SP13  did  not  have  significant  effects  (xi  LqTx  binding  (Fig.  2A).  Anti-SP19,  an  antibody 
recognizing  the  pr^iosed  intracellular  segment  of  the  a-subunit  between  homologous  domains  IQ 
and  IV  with  sodium  channel  inactivation  (Gordon  et  al,  1988),  also  h^  no  effect  on 

toxin  binding. 

Similar  results  woe  observed  using  rat  brain  symqitosomes  (Fig.  2B).  In  this  case,  anti- 
SP31,  anti-SP28,  and  anti-SP29  inhibited  *25i.LqXx  binding  by  33%,  29%,  and  27%, 
respe^vely,  wl^  the  other  diree  antibodies  had  no  effect 

Anti-SP31  and  anti-SP28  are  directed  against  synthetic  peptides  corresponding  to  amino 
acid  revues  which  are  located  on  the  prqxised  extracellular  loop  between  transmembrane 
segments  S5  and  S6  of  homologous  domain  I  near  the  site  previously  identified  by  covalent 
attachment  of  LqTx  derivatives  (Rg.  1,  Tcjedra  and  Cattei^,  1988).  Anti-SP29  is  directed 
against  a  synthew  peptide  corresponding  to  amino  acid  residues  located  on  the  proposed 

segment  between  transmembrane  segments  S5  and  S6  in  hmnologpus  domain  IV. 
Since  these  three  antibo&s  inhibit  LqTx  binding  while  odier  closely  related  anti-peptide  antibodies 
do  not,  our  results  suggest  that  the  corresptMiding  extracellular  segments  of  domains  I  aiKl  IV 
interact  in  forming  the  receptor  site  fra  LqTx. 

Concentration-effect  curves  fra  inhibitirai  of  LqTx  binding  to  citficr  reconstituted  rat  brain 
sodium  channel  or  synaptosomes  by  anti-SP8  indicate  that  inhibition  is  concentration-deptmdent 
(Fig.  3).  Using  reconstituted  vesicles,  ECxn  values  of  0.51+/-  0.21  ^M,  0.39+/-0.12  jiM,  and 
0.57+/^  liM  and  maximal  inhibition  of  39%,  36%,  and  47%  were  obtained  fra  anti-SP31, 
anti-SP28,  and  anti-SP29,  respectively  (Fig.  3A).  Higher  EC50  values  of  0.65+/-0.15  pM, 
2.0+/-0.66  pM,  and  1.35+/-0.38  pM  and  similar  maximal  levels  of  inhibition  of  29%,  43%,  and 
33%  were  observed  using  rat  brain  syntqnosome  preparatirais  (Hg.  3B).  It  should  be  noted  that 
die  concentrations  ci  antibody  listed  correspond  to  tcnal  IgG  isolated  firan  antisera  and  dierefore 
f-tfimated  EC50  values  substantially  exceed  the  true  values  fra  tiw  active  antibodies.  Definition  of 
maximal  levee  (rf*  inhibition  was  difficult  because  limitations  in  the  amount  of  antibody  that 
c^d  be  added  during  die  preincubation  period. 

The  extent  of  inhibition  of  LqTx  binding  by  site-directed  antibodies  was  not  increased  by 
treatments  design^  to  improve  didr  access  to  didr  binding  sites.  Neuran^dt^  treatment 
purified  sodium  channel  to  remove  sidic  acid  residues  prior  to  reconstitution  did  not  result  in 
ftnhancfd  inhibition  of  toxin  binding,  and  smt^Fab  frapimts  generated  by  papain  treatment  of 
IgG  produced  similar  levels  of  inhibition  of  i^I-LqTx  binding  to  reconstituted  vesicles  as  native 
IgG.  Moreover,  die  effects  of  maximid  concentrations  of  anti-SP31,  anti-SP28,  and  anti-SP29 
were  not  additive.  These  results  suggested  that  the  anti-peptide  antibodies  completely  inhibit  LqTx 
binding  to  sodium  channels  to  which  they  can  gain  access  and  bind,  but  diat  a  fraction  of  sodium 
channels  do  not  bind  die  anti-peptide  antibodies. 

In  order  to  develop  antibodies  which  might  inhibit  LqTx  binding  more  cranpletely  at  lower 
concentrations,  peptides  SP33,  SP34,  SP35,  SP36,  SP37,  SP38,  SP41,  SP42,  and  SP43 
representing  overli^ping  segments  of  the  extracellular  regions  ci  domains  I  through  IV  (Fig.  IB) 
were  synthesized  as  de^bed  under  Esperimental  Procedures.  Except  fra  SP42,  these  were 
purified  by  reversed  phase  HFLC;  coupled  to  bovine  serum  albumin,  and  used  fra  production  of 
polyclonal  anti-peptide  antisera.  SP42  was  insoluble  in  aqueous  sdvents.  Therefore,  a  new 
nonaqueous  solvent-lrased  protoed  fra  direct  coupling  to  bovine  serum  albumin  was  developed 
and  used  fra  this  peptide  as  described  under  Expraimoital  Procedures.  Antisera  were  assayed  by 
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EUSA  against  die  peptide  antigen  to  Mow  the  progress  of  the  immunization  process.  In  genoal, 
usable  titers  of  greater  than  1: 1000  were  obtained  only  following  the  second  or  the  third  booster 
injection,  liters  in  radioimmune  assays  M  immunoprecipitation  of  sodium  channels  or  in  the 
QJSA  assay  against  the  antigenic  peptide  for  the  most  current  antisera  collections  are  illustrated  in 
Fig.  4  and  compared  to  results  for  previously  developed  antibodies  against  synthetic  peptides  SP8, 
SP13,  and  SP19.  IgG  fractions  were  pirrifi^  by  chromatography  on  protein  A-Sepharose  and,  in 
some  cases,  immunoreactive  antibodies  were  further  purified  by  affinity  chromato^phy  on 
peptide  antigen  immobilized  on  Sepharose  beads.  We  are  still  in  the  process  of  testing  these  new 
antibodies  for  inhiUtion  of  tu^  affini^  binding  of  LqTx  to  synaptosomes  and  transfected  cells 
expressing  Type  IIA  s^um  channels  using  similar  mediods  to  those  described  above. 

Inhibition  of  a-scorpion  toxin  binding  by  sodium  channel  peptides. 
Antibodies  are  btJky  reagents  which  may  have  diffit^ty  in  reaching  dieir  binding  sites  on  sodium 
cMnpcis  This  reduc^  access  may  prevent  complete  ii^bition  of  toxin  binding  by  diese  reagents 
if  the  key  determinants  oi  toxin  bir^g  are  {xotected  from  antibody  interacticm.  One  potential 
approach  to  circumvent  this  {xoblem  is  to  use  sodium  channel  peptides  diat  represent  a  por^  of 
the  receptor  site  for  the  toxin  to  block  die  active  site  on  die  toxin  molecule  and  prevent  its  binding, 
lids  iqiproach  may  be  restricted  to  macromolecular  toxins  which  themselves  have  a  distinct  active 
site  for  binding  to  their  target,  as  has  be«n  demonstrated  for  the  a-scorpion  toxins  (El  Ayeb  et  al, 
198^.  P^tides  of  16  to  20  residues  were  synthesized  as  described  under  Experimental 
Procedures  and  pmifled  by  reversed  phase  HPLC  These  peptides  were  pre-incubated  with  i25i. 
labeled  a-scorpion  toxin  to  allow  interaction  with  the  toxin.  The  mixture  was  then  added  to 
synaptosomes  and  specific  binding  of  the  scorpion  toxin  to  the  sodium  channels  in  the 
symqitosomes  was  measured.  A  range  peptide  concentrations  and  toxin  concentratimis  was 
studied,  but  the  results  are  illustrated  in  Fig.  S  for  a  single  (100  |xM)  concentration  of  peptide, 
liuee  peptides  reduced  a-scorpi<Mi  toxin  binding  in  this  series  of  experiments:  SP38,  SP41,  and 
SP42.  The  effects  of  SP38  and  SP41  were  sign^cant  at  p<0.05;  they  were  more  consistent  than 
SP42  whose  effects  did  not  reach  statistical  significance. 

For  some  peptides,  the  level  of  a-scorpion  toxin  binding  was  increased  after  preincubation 
with  the  toxin,  This  was  a  surprising  result  so  we  examined  whether  the  peptides  could  increase 
the  nonspe^c  binding  of  a-scmpitm  toxin  to  the  glass  fiber  filters  used  in  the  synaptosome 
bin^g  assay.  We  form  tlmt  some  peptides  did  Meed  have  this  effect  To  circumvent  this 
potential  problem,  we  developed  a  d^erent  assay  to  measure  peptide  effects  on  sccnpion  toxin 
binding.  This  assay  took  advantage  of  the  CNallA-l  cells  which  express  Type  IIA  sodium 
rhannf.ia  (West  et  19^).  Since  these  cells  are  tightly  adherent  to  the  bo^m  of  the  culture  dish, 
toxin  aixi  peptides  can  be  incubaM  with  the  cells  in  die  culture  dish  and  binding  can  be  measured 
by  washing  away  the  unbound  toxin  and  determining  the  radioactivity  in  the  cell  extract  Using 
this  assay,  we  also  found  that  peptides  SP38  and  SP41  reduced  a-scorpion  toxin  binding,  but  their 
effect  was  no  greater  than  in  the  assay  using  synaptosomes  (Hg.  6).  Mixtures  of  the  two  peptides 
were  (Xily  slightly  more  effective  than  the  individual  compounds  alone  and  this  diffioence  did  not 
achieve  statistical  sigii^cance.  Mixtures  of  multiple  peptides  were  less  effective.  For  example, 
combinations  of  SP8,  SP28,  SP31,  SP38,  and  SP41  gave  little  inhibition  of  scorpion  toxin 
binding,  perhaps  because  the  pepti^  complex  with  or  compete  with  each  other  reducing  the 
interaction  the  effective  peptides  with  the  toxin  (Fig.  6,  last  column). 

Overall,  die  experiments  with  peptides  give  results  similar  to  the  experiments  with  our 
initial  set  of  antibodies.  Beth  classes  of  reagents  cause  small  reductions  in  binding  of  a-scoipion 
toxins  if  the  reagents  are  directed  toward  sequences  in  the  extracellular  loop  of  domain  I  of  the 
sodium  channel.  However,  the  incomplete  inhibition  indicates  that  these  s^uences  are  adjacent  to 
the  toxin  receptor  site  rather  than  directly  within  it  so  that  access  is  reduced  while  high  affinity 
binding  is  not  completely  prevented.  ItopeMIy,  one  or  more  of  the  new  set  of  anti-peptide 
antibodies  Aat  is  currendy  being  analyzed  will  provide  a  better  inhibition  of  toxin  binding. 
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Disguasion 

Interaction  of  extracellular  se^ents  of  domains  I  and  IV  in  forming  the  a* 
scorpion  toxin  receptor  site.  Photoreactive  derivatives  of  LqTx  were  previously  shown  to  be 
incorporated  into  the  extracellular  segment  of  the  sodium  channel  between  amino  acid  residues  317 
and  400  in  domain  I  (Tejedor  and  Catterall,  1988).  Subsequent  work  shows  that  antipeptide 
antibodies  recognizing  residues  355*371  and  382-400  are  partial  inhibitors  of  LqTx  bindmg  while 
antibodies  recognizing  the  adjacent  residues  317*335  and  several  other  sodium  chaimel  segments 
are  not  These  results  implicate  the  peptide  segment  from  residues  355  to  400,  immediately 
adjacent  to  proposed  transmembrane  segment  S6,  as  being  located  near,  and  possibly  within,  the 
a-scmpion  toxin  binding  site. 

Binding  ci  ot-scoq)ion  toxins  to  the  sodium  channel  is  confoimationally  dependent 
(Catterall,  1977),  and  it  was  predicted  (Tejedor  and  Catterall,  1988)  that  multiple  polypeptide 
segments  from  different  regions  of  the  primary  structure  mi^t  contribute  to  formation  of 
neurotoxin  receptor  site  3.  Our  results  show  ^t  and*SP29  is  also  a  partial  inhibitor  of  LqTx 
binding  while  several  ocher  anti-peptide  antibodies  including  tire  nea^y  anti*SP13  are  not  Amino 
acid  residues  1686*1703  are  located  in  the  extracellular  segment  between  proposed  transmembrane 
segments  S5  and  S6  of  domain  IV  irear  the  junctitm  with  S5.  Thus,  it  is  our  working  hypothesis 
that  amino  acid  sequences  from  these  two  dutant  repons  of  the  primary  structure  of  the  sodium 
channel  a  subunit  participate  in  formatimi  of  neurotoxin  receptor  site  3. 

Although  domains  I  and  IV  ctf  the  sodium  chaiuiel  a*subunit  are  distant  from  each  other  in 
the  primary  structure  of  the  charmel,  tire  four  homologous  domains  defined  in  tiie  primary  structure 
are  proposal  to  be  organized  in  a  square  array  around  a  central  transmembrane  pore  placing 
dotnains  I  and  IV  adjacent  to  each  other  in  the  three  dimensional  structure  of  the  channel  protein. 
Our  results  provide  support  for  this  widely  acc^ted  proposal.  Scorpion  toxins  are  small  elliptical 
molecules  of  iqiproximacely  50x40x30  A.  Their  binding  surface  is  thought  to  extend  over  part  of 
one  face  of  the  molecule.  The  inhibition  of  LqTx  binding  by  anti-p^tide  and  monoclonal 
antibodies  described  here  indicates  that  this  small  binding  face  may  interact  with  a  receptor  site 
formed  by  the  close  imposition  of  residues  in  domain  I  and  domain  IV  of  tiie  sodium  channel  a 
subunit  Further  ptobmg  of  these  regions  with  anti-peptide  antibodies  is  likely  to  reveal  the  peptide 
segments  which  are  essential  for  this  binding  interaction  and  provide  an  avenue  to  prevention  of 
toxin  binding  and  action. 

Future  plans.  It  is  disappointing  that  none  of  the  peptide  or  antibody  reagents  developed 
to  date  are  high  affinity  inhibitcres  of  scorpion  toxin  binding.  The  results  so  far  suggest  that  the 
anti-peptide  antibodies  bind  near,  but  protobly  not  directly  within  the  a-scorpion  toxin  receptcHr 
site.  We  plan  to  analyze  the  new  antibodies  for  inhibition  of  toxin  binding  and  to  use  epitope- 
selection  methods  ff>e  Jongh  et  al.,  1991)  to  purify  antibodies  against  shOTter  peptide  segments  to 
focus  in  on  the  toxin  binding  site. 
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FIG.  1.  Overall  structure  and  amino  add  sequences  of  the  extracellular  Mfments 
of  the  a  subunit  A.  The  transmembrane  folding  model  of  the  a  subunit  of  the  sodium 
channel  is  illustrated.  The  locations  of  specific  functional  sites  are  indicated  as  fdlows:  P, 
phosphorylation  sites  for  cAI^-depe^nt  motein  kinase;  Y,  sites  of  binding  of  intracellulariy 
directed  antibodies;  filled  rectangles,  sites  of  landing  of  extncellulariy  directed  antibodies  duu 
inhibit  a-scorpion  toxin  binding;  Y,  known  sites  <rfN-linked  glyco^lation;  and  ScTx,  site  of 
covalent  labeling  of  Ae  sodium  cha^l  by  a-scor^on  toxin  dravatives.  B.  Amino  acid 
sequences  the  miyor  extracellular  loops  in  domains  I  throu^  IV  and  synthetic  peptides  (SPxx) 

t^ch  correspond  to  them. 

FIG.  2.  InhibitloD  of  a*8corpion  toxin  binding  to  sodium  channels  in 
reconstituted  phospholipid  vesicles  and  synaptosomes  by  anti-peptide  antibodies. 

A.  Sodium  channels  in  reconstituted  phospholipid  vesicles  were  jneincubated  with  S.5  pM 
preimmune  IgG  or  SJ  pM  of  die  indicated  site-directed  antibodies  C^)  in  a  total  vdume  of  300 
pi  containing  50  mM  Nad,  3  mM  Hm^Tris,  133  mM  glycine  HO,  pH  7.4,  and  1  pM  BTx  for 
four  hours  at  4'*C  with  rotation,  and  ^^I-LqTx  binding  was  measured  as  desoibed  under 
Experimental  Procedures.  B.  Rat  brain  s^iqitosomes  (SO  pi  of  a  25  mg^  suspension)  were 
preincubated  with  5.5  pM  preimmune  IgG  or  5.5  pM  d  the  indicated  site-directed  antibodies,  in  a 
t^  vcdume  ofj^  pi  of  25  mM  NaQ,  2  mM  Hepes-Tris,  133  mM  glyc^  HQ,  pH  7.4,  and  1 
pM  BTx,  and  l^I-LqTx  binding  was  measured  as  dererib^  under  Expoimental  Procedures. 

The  are  expressed  as  the  percentage  inhibition  as  compared  to  contnd  sam|des  having  only 

preimmune  Ig(j. 

FIG.  3.  Concentration  dependence  of  inhibition  of  a-scorpion  toxin 
binding  to  sodium  channels  in  reconstituted  phospholipid  vesicles  and 
synaptosomes  by  three  active  anti-peptide  antibodies.  A.  Inhibition  of  ^^‘l-LqTx 
bii^g  to  so£um  channels  reconstituted  in  phosf^liind  vesicles  by  anti-SP28  (circles),  anti- 
SP29  (squares),  uid  anti-SP31  (triangles).  Sodium  channels  in  recratstituted  phospholipd 
vesicle  (1(X)  pi)  were  preincubiued  four  hours  with  the  indicated  concentrations  of  site-directed 
antibodies,  2  pM  preimmune  IgG,  and  1  pM  BTx,  in  a  tcHal  vtdume  of  300  pi  containing  5()  n^ 
Nad,  3  mM  Hepes-Tris,  133  mM  glycine  HQ,  pH  7.4,  and  1  pM  BTx  witii  rotatirai,  i^'l- 
LqTk  bin^g  was  measured  as  described  under  Eiqierimental  Procedures..  The  percentage 
inhibition  at  each  antibody  concentration  was  cakuhtledfiom  ccMitrols  diat  contained  only 
[xeimmune  IgG-  di^  point  rqnesents  the  mean  of  three  to  five  indmndent  eiqienmrats. 

B.  Inhibition  of  l^I-LqTx  binding  to  rat  brain  syniqitosomes  by  anti-SP^  (circles),  anti-SP29 

(squares),  and  anti-SP31  (tiian^es).  Synapmsomes  (50  pi  (rf  25  mg/inl)  were  preincubated  with  7 
pM  preimmune  IgG  and  indfoated  concentrations  of  site-directed  antibodies  in  a  total  vdume  of 


I-LqTx  binding  was  measured  as  described  unto  Eiqpe^ental  Procedures,  ^h  data  point 
represents  the  mean  -t-/-  SEM  of  three  to  four  separate  ccpeiiments  in  whidi  triplicate 
deteiminatkxis  were  made  at  each  antibotty  concentration. 

FIG.  4.  ELISA  analysis  of  new  anti-p«ptide  antibodies.  Antisera  against  the  indicated 
syndie^  peptides  wane  diluted  to  die  titers  listed  on  die  abscissa,  incubated  in  multiwell  plates 
coated  widi  syndietic  peptide,  and  the  bound  antibody  was  measured  by  extensive  washing  and 
development  in  an  enzyme-linked  colorimetric  alkaline  phosphatase  reaction  as  described  unto 
Exporimen^  Procedures. 

FIG.  5.  Effect  of  synthetic  peiriides  on  binding  of  a-scorpion  toxins  to  sodium 
channels  in  synaptosomes.  l^I-labeled  a-LqTx  was  incubated  with  the  indicated  synthetic 
peptides  for  60  min  at  37°C.  Synaptosomes  were  added  and  the  incubation  was  continu^  for  30 
min  at  37°C.  The  synaptosomes  a^  bound  a-LqTx  were  dien  collected  by  vacuum  filtration  and 
wariied  as  described  uito' Experimental  Procedures.  Each  point  represents  the  average  three 
indqpendent  experiments. 
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FIG.  6.  Effect  of  synthetic  Mptides  on  binding  of  a*scorpion  toxins  to  sodium 
channeto  in  CNaIlA>i  cells.  ^"I-labeled  a-^Tx  was  incubated  with  the  indicated  synthetic 
peptics  for  60  min  at  37^.  Sodium  channels  in  reconstituted  vesicles  were  added  and  die 
uKubatkMi  was  continued  for  30  min  at  37°C.  The  reconstituted  vesicles  and  bound  a-LqTx  were 
dren  collected  by  vacuum  filtiadon  and  washed  as  described  uncter  Experimental  Procedures.  Each 
point  represents  the  average  of  three  independent  experiments. 
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TASK  n.  INHIBITION  OF  ALPHA  SCORPION  TOXIN  ACTION 

A  major  goal  of  this  contract  is  to  produce  antibodies  or  j^ptide  reagents  that  jmvent  the 
toxic  actions  of  neurotoxins  that  act  on  sodium  channels.  Effective  inhibition  of  the  binding  of  a- 
scmpion  toxins  should  prevent  toxin-induced  modification  of  sodium  channel  function.  As  a  first 
step  in  stui^g  Ae  ability  of  anti-peptide  antibodies  to  prevent  the  acticHis  of  a-scorpion  toxins, 
we  tested  the  effects  of  anti-peptide  antibodies  tfiat  reduM  a-scorpion  toxin  binding  on  tiie  actions 
of  the  scorpion  toxins  on  so&um  channels  in  rat  brain  neurons  in  primary  cell  culture  and  in 
transfected  cells  by  patch  clamp  recording  in  die  whde  cell  voltage  clamp  configuration. 

Experimental  Procedures 

Cell  Culture.  Brains  frcnn  19  day  fetuses  were  dissociated  in  a  solution  of  20  mg/ml 
trypsin  and  calcium-  and  magnesium-free  PBS  for  40  min  at  37^0  witit  shaking  every  S  min.  The 
mizymatic  reaction  was  stopped  by  tiie  addition  <f  20  ml  of  DMEM  culture  medium  containing  5% 
fetal  bovine  serum  and  10^  heat-inactivated  horse  serum.  The  solution  was  centrifuged  at  lOW 
RPM  for  10  min,  the  supernatant  was  pirated,  and  the  pellet  was  resuspended  in  30  ml  of  culture 
metUum.  Centrifugation  and  resuspension  of  tiie  pellet  was  done  three  times.  On  the  final 
resuspoision  of  tire  pellet,  the  solution  was  passed  tiirough  a  nitex  filter  and  cells  were  plated  into 
35  mm  tissue  culture  dishes  omtaining  sterile  poly-d-lysine  coated  glass  covorslqis  at  a  density  of 
1-3x10^  cells^late.  Cells  were  maintiuned  in  (^ture  for  2  weeks  and  feed  every  tiiree  days  with 
culture  medium.  Eleclrophysiological  recording  of  ceils  adhering  to  tire  coverslips  was  started  three 
days  post  plating. 

CNaIIA-1  cells  were  maintained  in  a  culture  in  RPMI  media  supplemented  with  10%  fetal 
bovine  serum  as  described  by  West  et  al  (1992). 

Antibody  Purification.  Anti-SP28,  anti-SP29,  and  anti-SP31  antibodies,  which  inhibit 
a-scotpkm  toxin  binding,  were  examined  for  specific  inhiUtion  of  section  toxin  action  and  anti- 
SP19,  anti-SI^  and  nonimmune  IgG  were  us^  as  ctmtrols.  A  Protein-A-Sepharose  column 
figiiilihrated  in  O.IM  NaH2P04,  pH  8. 1  was  used  to  purify  the  anti-peptide  antibodies.  A  binding 
buffer  (0.15  M  NaCl,  0.(^  M  Tris,  pH  8.1)  was  added  to  the  antisera  (1:1  ratio)  and  shaken  for  5 
min  at  4^.  The  antiserum  was  then  added  to  the  Protein-A  column  followed  by  an  5-fold  excess 
binding  buffer.  Fractions  of  25  drops  were  collected  aixl  A28O  each  was  read.  When  tire 
absorbance  retinned  to  zero,  indicating  the  column  was  washed  free  of  residual  proteins,  tire  bound 
antibodies  were  eluted  ftmn  Ae  coluiim  using  O.IM  glycine,  pH  3.  Twenty-five  dn^  firactions 
were  collected,  firactions  with  A2go  giea^  Aan  1.0  were  pooled,  and  the  pH  was  adjusted  to 
neutrality.  The  pooled  fiaction  of  antibodies  was  tiren  dialyzed  into  external  electrophysiological 
recording  solution  Ity  repetitive  concentration  and  dilutkm  by  centrifuging  at  5000  RPM  for  1  hr  in 
a  Centrioon  10  or  by  overnight  dialysis  using  tire  constant  perfiisitm  pump  connected  to  a 
microdialyzer. 

Electrophysiological  Recordings  Brain  cells  were  recorded  in  whole  cell  voltage 
clamp  mode  (HtmiU,  1981).  A  reverse  sodium  gradient  was  used  in  the  brain  cells  to  prevent 
regenerative  action  potentids  firom  distal  processes  firom  invading  tire  soma.  The  intnnal  sdution 
was  (in  mM)  1 15  Choline-Q,  10  NaQ,  20  TEA-Q,  5  KQ,  1.5  CaQi,  1.0  MgQa,  5  HEPES,  5 
^xtrose,  pH  7.4.  The  extmual  recording  solution  contained  contained  (in  mM)  150  NaQ,  5  KQ, 
1.5  CaCh,  1.0  MgQ2, 10  HEPES,  5  dextrose,  pH  7.4.  Coverslips  containing  cells  were  placed 
in  a  recording  chamba  200  pL  in  volume.  For  each  cell,  ctmtrol  records  were  taken  that  include 
both  activation  and  inactivation  paramaters.  A  10  pL  volume  of  antibody  solution  (0.6-2  pM  final 
concentration)  was  tiren  added  to  the  recording  clumber  and  effects  wme  exantined  for  a  10  min 
period  Following  tins  period,  10  pi  of  a-LqTx  was  added  to  the  chamber  and  its  effects  were 
examined  for  10  min. 
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Nonnal  sodium  gradients  were  used  in  the  whole-cell  voltage  clamp  mode  (Hamill  et  al. 
1981).  The  internal  tecmding  solution  is  ( in  mM)  90  CsF,  60  CsQ,  10  NaQ,  5  KO,  1.S  CaCl2, 
1.0  MgQ2>  10  HEPES,  S  dextrose,  pH  7.3.  Coverslips  were  incubated  in  10  antibody 
solution.  &lls  were  leoxded  in  the  antibody  solution  for  approximately  10  min.  Ten  ^1  of  a-Lqtx 
(6-100  nM)  in  recocding  solution  plus  bovine  serum  albumin  (24.2  pM)  were  added  ai^  allowed 
to  diffuse  throughout  the  200  pL  chamber,  llie  effect  of  a-LqTx  on  sodium  channel  inactivation 
was  then  record^ 


Rgsults 

(Xir  experiments  have  focussed  primarily  on  anti-SP31  as  a  test  antibody,  but  anti-SP28  and  anti- 
SP29  were  also  studied.  In  expoiments  developing  methods  for  antibody  and  toxin  application, 

31  rat  brain  neurmis  were  successfully  voltage  clamped,  and  12  were  controlled  long  enough  for 
both  die  antibody  and  the  a-^tx  effects  to  be  examined  Antibody  concentrations  ranged  from  0.4 
pM  to  2  pM.  The  ccxioentration  of  a-LqTx  was  100  nM;  diis  concentration  had  a  maximal  effect 
(HI  slowing  scxlium  channel  inactivation  (Hi  all  cells  tested  However,  die  effect  of  the  antibodies 
dUfeied  cell  to  cell.  In  some  cells,  pre-incubaticxi  with  anti-SI^l  effectively  prevented  the 
effects  (tf  a-Lqtx  on  the  time  course  of  sodium  channel  inactivaticxi  (Hg  1).  In  odin  cases,  a-U]tx 
slowing  of  inactivation  was  not  measurably  affected  by  pre-exposing  the  ceUs  to  anti-Sni  (Hg. 

1) .  These  results  suggested  variability  in  antibody  access  (h  antibody  binding  to  individual  bram 
neurons. 

In  order  to  reduce  the  variability  that  may  arise  from  use  of  a  mixed  populatitHi  of  rat  brain 
neurons  as  a  test  cell  type,  we  have  taken  advantage  of  the  development  of  ^aIIA-1  cells  (West  et 
d,  1992),  which  express  transfected  Type  IIA  sextium  channels,  to  c(Hitinue  the  analysis  of  the 
effects  of  anti-pept^  antibodies  on  a-scorpion  toxin  action  in  the  ctmtext  of  a  cl(Hied  sodium 
channel  expressed  in  an  essentially  electrically  silent  clonal  cellular  background  Anti-SP31  was 
analyzed  at  a  concentration  of  10  pM  in  recording  solutions  and  cells  were  incubated  in  thk 
solutitHi  at  room  temperature  or  37^  for  at  least  30  min  before  Lqtx  was  ^plied  The  toxin 
concentration  was  6  nM,  and  the  solution  contained  24.2  pM  BSA.  Ninety  one  CNaIIA-1  cells 
were  successfully  vtdtage-clamped,  and  51  were  ctmtroUed  long  enough  to  examine  the  effects  of 
antibodies  and  a-Lqtx.  The  results  varied  from  cell  to  cell  as  for  brain  neurons.  In  some  cells,  a- 
Lqtx  added  after  pre-incubati(xi  with  anti-SP31  did  not  change  the  time  course  of  inactivation  (Hg. 

2)  suggesting  substantial  bl(x;k  of  toxin  binding,  hi  other  cells,  the  effect  of  a-Lqtx  on  slowing  of 
inactivatitm  was  not  affected  by  pre-exposing  the  cells  to  anti-SP31  (Fig.  2).  Twenty  cells  were 
studied  with  anti-SP19,  anti-SP2{),  and  nonimmune  IgG  without  evidence  of  inhibition  of  a-LqTx 
actfon. 


Similar  results  were  obtained  witii  expoiments  using  anti-SP28  and  anti-SP29  in  a  smaller 
number  of  cells.  As  described  above,  the  effects  of  sc(»pion  toxin  on  some  cells  was  reduced  by 
the  antibodies  while  others  showed  little  response.  The  onset  of  toxin  effea  was  slowol  more  than 
the  stea^  state  toxin  effect  was  reduced  su^sting  that  access  of  the  toxin  to  its  receptor  site  is 
unpeded  . 


DixeuHsinn 

Overall,  the  electrophysiological  experiments  to  examine  functional  bltxdc  of  a-sccxpkm 
toxin  actfon  indicate  tiiat  only  partial  inhibition  can  be  obtained  witii  anti-SP28,  anti-SF29,  and 
anti-Sni.  These  results  are  consistent  with  the  partial  inhibititm  of  a-LqTx  binding  observed  in 
tiie  experiments  described  under  Task  I,  even  at  apparently  saturating  antibtxly  ctMicentrations. 
Evidendy,  a  substantial  fracti(Mi  of  the  sodium  channels  in  these  cells  are  inaccessible  to  antibody 
binding  and  therefore  are  resistant  to  antibody  bl(x;k  of  toxin  actfon.  The  segnwnts  of  the  sodium 
channel  a  subunit  tiiat  have  implicated  in  setapion  toxin  landing  ate  (Hi  extracellular  l(x>ps  near 
clusters  of  potential  N-linked  ^ycosylation  sites.  Carbohydrate  chains  on  membrane  glyct^HOteins 
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can  be  variable  in  structure  and  conformation.  The  extensive  carbohydrate  chains  on  these  regions 
of  the  a  subunit  may  be  able  to  m^ent  antibody  binding  to  a  variable  degree  depmding  on  their 
structure  or  confonnation  on  individual  sodium  channels  or  in  individual  cells.  Future  ejqreriments 
with  our  new  series  of  anti-peptide  antibodies  may  reserve  this  problem  by  identifying  a  site  for 
antibody  targeting  that  is  consistently  accessible  for  antibody  binding. 


Contract  No.  DAMD17-9(K:-011S 
Midtenn  RqxM  -  Rage  17 


FUurea 

FIG.  1.  Selected  current  recordings  of  the  effects  of  anti*SP31  on  a*LqTx  action 
in  rat  brain  neurons.  Whole  cell  sodium  cunents  were  recorded  using  reverse  sodium 
gradients  (see  Experimental  Procedures).  The  cells  were  held  at  -80  mV  and  depdarized  to  a  test 
pulse  F^ntial  of  0  mV  to  elicit  outwaid  sodium  currents.  A.  In  a  cell  pre-exposed  to  anti-SP31, 
the  antibody  blocked  the  a-LqTx  effect  on  the  sodium  current  Current  traces  recorded  0, 4,  and 
10  min  after  eiqxMure  to  1(X)  nM  a-^Tx.  B.  A  different  cell  examined  as  in  panel  A 
demonstrating  a  ladt  of  effect  of  anti-SP31  on  a-LqTx  effects.  Current  traces  were  rectnded  0  or 
2  min  after  exposure  to  1(X)  nM  a-Lqtx.  C.  A  ccmtrol  cell  diat  was  not  eiqrosed  to  anti-SP31. 
The  current  traces  were  recorded  after  0  and  2  min  exposure  to  100  nM  a-Lqtx. 

FIG.  2.  Selected  current  recordings  of  the  effects  of  anti-SP31  on  a-LqTx 
action  in  CNaIIA-1  cells.  Whole  cell  sodium  currents  were  recorded  using  normal  sodium 
gradients  (see  Eraerimental  Procedures).  The  cells  were  held  at  -80  mV  and  d^larized  to  a  test 
pulse  potential  of  0  mV  to  elicit  inward  sodium  currents.  A.  In  a  cell  pre-exposured  to  anti-SI31, 
the  antibody  blocked  the  effect  of  a-LqTx  <m  the  sodium  current  Current  traces  were  recorded  0 
and  5  min  after  exposure  to  a-Lqtx.  B.  A  different  cell  examined  as  in  panel  A  demonstrating  a 
lack  of  effect  of  pre-e^qmsure  to  anti-SP31  on  a-LqTx  effects.  Current  traces  were  recorded  after 
0  and  S  min  exposure  to  6  nM  a-LqTx.  C.  Accmtrolcellthat  was  notexpos«ltoanti-SP31. 
Current  traces  were  reamied  0  and  1. 25  min  afto' exposure  to  6  nM  a-Lqtx. 
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TASK  HL  COVALENT  LABELING  OF  NEUROTOXIN  RECEPTOR  SITES  1 
AND  5 


Experimoits  described  under  this  Task  are  directed  toward  covalent  labeling  of  neurotoxin 
receptor  site  1  using  {rfraioreactive  derivatives  of  tetrodotoxin  and  neurotoxin  receptor  site  S  using 
photoreactive  derivatives  of  brevetoxins.  So  far,  we  have  carried  out  some  prelinunaiy  tests  with 
dt^vatives  of  tetrodotoxin  to  label  neurotoxin  rKeptmr  site  1  and  we  have  focused  mtxe  intensively 
<m  photolabeling  of  neurotoxin  recep^  site  S  with  j^otoreactive  derivatives  of  Ptychodiscus 
brevis  toxin  3  (IroTxS).  These  experiments  woe  carried  out  in  collaboration  with  the  laboratory 
(rfDr.  Daniel  Baf^n,  Univosity  of  Miami 


Neurotoxin  receptor  rite  1 

The  low  specific  activity  of  labeled  compounds  slows  tire  progress  of  antibody  nuqtping 
erqieriments  because  h  requires  larger  amounts  of  sodium  charmel  protein  fw  aruily  sis  a^ 
radiolysis  degrades  the  photoreactive  group  requiring  fiequent  re-^tiiesis  d  die  labeled  probe, 
neliminary  experiments  were  carried  out  to  test  the  ^cacy  of  a  biotinyl  derivative  of  tetrodotoxin 
as  a  coval^lidrel  for  neurotoxin  receptor  site  1.  The  nonradioactive  biotin  label  is  stable  and  can 
be  detected  with  his^  sensitivity  by  high  affinity  binding  of  anl^I-labekd  derivative  of  avidin,  a 
biotin-biiiding  protein  with  a  Kd  of  KP^M.  This  approach  has  potential  advantage  in  providing 
a  more  sensinve  and  stable  probe  of  neurotoxin  receptor  than  offered  by  present  dmvatives  ci 
tetrodotoxitL  The  biotinyl  tetrodotoxin  derivative  tested  had  an  qipiront  for  the  tat  brain 

sodium  channel  of  230  nMctmipaied  to  20  nM  for  tetrodotoxin  at  this  sodium  channel.  ThisKdis 
higher  than  desirable  for  efficient  photoaffinity  labeling.  Initial  eiqmimoits  to  detect  tetrodotoxin 
incorporation  into  the  a  subunit  by  blot  overlay  methods  were  unsuccessful. 


Nem 


in 


receptor  site  S 


Experimental 


lures 


Materials.  Seftiucryl  S-300  was  obtained  from  Pharmacia  and  Soluene  350  tissue 
sctiubUizer  from  Packard  Instnnnent  Co.  All  elect^horesis  chemicals  and  2-meiciqNoedianol 
were  purdutsed  from  Fisher  Scientific  Co.  Organic  counting  scintillant  (OCS),  staridard  high 
mole^ar  weight  rainbow  marken,  and  sodium  borotritiide  were  from  Amosham  Corp.  Aquasri 
was  piBchased  from  New  England  Nuclear.  Neuranunidase  type  X  from  ClostrUUwn  perfi^ens, 
BS  A,  phosphatidylcholine  ^pe  OI-E  from  egg  yolk,  and  aU  protease  inhibitors  were  Sigma 

Chemi^uorp.  AH  remainuig  chemicals  were  reaj^nt^ade  or  benCT  and  woe  purdiased  from 
Sigma.  All  enzymes  were  us^  without  further  punfication. 

Toxin  purification.  Brevetoxins  PbTx2  and  PbTx3  were  extracted  fitom  stationary 
(diase  laboratory  cultures  d  Pychodiscus  brevis  by  a  combinatkm  d  dikxofonn/methanol 
detraction,  tiifo  layer  chromatogtiphy  and  reverse  phase  HFLC  (Baden  et  al.,  1981;  Poll  et  al., 
1986).  Both  [3H]^Tx3  and  urdabeM  PbTx3  were  syndiesized  by  reduction  of  die  FbTx2 
aldehyde  using  sodium  borotritiide  or  sodium  bordiydride  reflectively  (Pdi  et  al.,  1986). 

Spec&  activity  of  die  radioactive  pr^xuation  was  determined  by  HFLC  mass  quantifies^  at  215 
run  and  scintillation  fiectroscopy  against  [^Hlmethantti  standards.  Tritiated  PbTx3  used  for 
synthesis  of  die  jdiottMdfinity  pxitot  had  a  specific  radioactivity  in  die  range  of  10*13  Q/mmoL 

Preparation  of  synaptoaomes.  A  modification  of  the  method  described  by  Dodd  et 
al.  (1981)  was  used.  The  btaira  of  Sfmgue-Dawley  rats  were  removed  and  homogeiuzed  widi  10 
stndBBS  of  a  Ftioer-Elvehjem  tissue  grinder  in  homt^gienization  buffo  containin|;  0.32  M  suorose,  5 
mM  Na2HPOi4  adjusted  to  7.4  widi  phosidioric  acid),  and  4  protease  inhintors  (0.1  mM 


Contnct  No.  DAMD17'9&C.01  IS 
Midtenn  Rqxxt  -  2 1 


phenylmethylsulfonyl  flumide,  1  mM  iodoacetamide,  1  mM  1,10-phenanthrolineand  1  pM 
pepstatin  A).  The  sample  was  sedimented  at  1000  x  g  ^or  10  min  in  a  Sorvall  RC-SB  superspeed 
centrifuge  using  an  SS-34  fixed  angle  lotOT.  The  pellet  was  then  re-bomo^nized  in 
homogenization  buffer  and  centrifuged  as  before.  The  2  supernatant  solutions  were  combined, 
layered  upon  1.2  M  sucrose  and  centrifuged  at  105,000  x  g  in  a  Beckman  L7-SS  ultracentrifuge 
using  a  SW41 T1  swinging  bucket  rotor.  The  interface  between  the  0.32  M  and  1.2  M  sucrose 
layers  was  aspirated  ai^  layered  upon  0.8  M  sucrose.  Samples  were  sedimented  at  1 15,000  x  g 
for  25  min  in  die  ultracentrifuge  using  die  same  rotor  as  before.  The  pellet  contained 
synaptosomes  which  were  us^  in  binding  eiqieiiments  at  a  concentration  approximately  0.1 
mgAnl.  This  preparation  was  found  to  retain  activity  for  several  months  when  stored  at  >70”  C. 

Synthesis  of  p-azido  benzok  add.  A  modification  of  the  method  described  by  Rao 
and  Venkatetaman  (1939)  was  used.  Ten  mg  oS  4-aminobenzoic  acid  was  reacted  with  a  solution 
of  25%  HQ  (50  pi)  and  diazotized  with  a  solution  of  sodium  nitrite  (4.5  mg  in  13  pi  H2O)  at  0°  C. 
Excess  urea  was  added  after  20  min  to  destroy  the  remaining  nitrous  acid  a^  a  solution  of  sodium 
aride(4.6mgin  ISplHjQ)  wasaddeddit^imse.  The  nedpitated  iriazobenzoic  add  was 
incubated  1  Iv  on  ice.  The  sdvent  was  flash-evqxnated  and  die  reaction  product  stored  in  the 
dark. 


Synthesis  of  p*azido  benzoate-linfced  brevetoxin.  Synthesis  was  carried  out  in 
the  dark  or  under  red  photography  lights.  Carbonyldiimidazole  (0.162  g)  was  reacted  with  0.162 
gp-azidobenzoic  add  by  acUtionofdiy  benzene  CO  give  a  final  vdumettf  10  ml  Oteemgof 
[^PbTx3  was  dried  under  nitrogen,  tten  desiccated  for  10  min  over  P2OS  using  high  vacuum. 
One  ml  of  reacted  p-azidobenzoic  add  was  added  to  die  toxin,  sealed  in  a  thick  walled  glass  vial, 
and  heated  in  a  mineral  oU  bath  for  24  hr  at  70°  C.  The  reaction  product  was  dried  undre  nitrogoi, 
resureended  in  acetone  and  plated  on  a  500  pm  silica  gel  plate  in  petroleum  edienaoetone  (70:^). 
The  dedredfirac^  was  visualized  by  expo^g  a  small  portion  of  the  plate  to  UV  light  The 
diotoafiinity-labeled  brevetoxin  was  scraped  the  plate  and  eluted  in  acetone.  The  solvent  was 
flash-evaporated  and  the  reaction  product  purified  by  HPLC  at  215  nm. 

ReverriMe  binding  experiments.  Binding  of  [3H]PbTx3  p-azido  benzoate  (hereafter 
designated  as  (3H]PbTx3-Fte)  was  determined  using  a  rapid  centiifu^on  technique  in  binding 
mem^  containing  50  mM  HEPES  (adjusted  to  pH  7.4  with  Tris  base),  130  mM  choline  chlor&, 
5  J  mM  glucose,  0.8  mM  magnesium  sulfate,  5.4  mM  potassium  chloride,  1  mg/ml  BSA,  0.01% 
(w/v)  Emulphor  Q.-620  ( a  nonionic  emulsifier,  GAP  Carp.).  Synaptosomes,  at  a  final  protein 
concemration  of  KWpghnl,  were  added  10  reaction  vials  containing  pH]FbTx3-Pho  (total 
binding).  For  Scaichard  anidyses,  toxin  concentrations  ranged  fiom  0  to  100  nM.  Nonspedfk 
Irinding  was  detennined  in  the  presence  trf  a  saturating  concentratkm  of  unlabeled  [3H]FbTk3-Fho 
(lOpM).  After  mixing  and  incubating  for  one  hour  at  (PC  in  die  dark,  samides  were  centrifuged 
for  15  min  at  15,(XX)  x  g.  Suponatant  solutions  were  sampled  for  fine  [^HlPbTxS-Pho  and 
pellets  were  washed  wim  duee  drops  of  ice  cold  wash  medium  containing  5  mM  HEPES  (pH  7.4), 
163  mM  choline  chloride  and  1  mg^  BSA.  Pellets  wm  transferred  to  counting  vials  and  bound 
radkMctivity  detemtined  scuitillatioo  qiectrosoopy.  The  entire  eiqierimmn  was  carried  out  in 
subdued  room  li^t  or  under  red  photognqihy  lamps.  Specific  binding  was  determined  by 
calculating  dte  dmerence  between  total  and  mmspecific  Innding  (^li  et  aL,  1986).  The  results  are 
presented  as  mean  and  standard  error,  where  error  bars  are  not  visiUe,  the  errors  were  mriaUer  than 
tte  symbtds. 

Pbotonffinlty  labeling.  Syn^itosomes  in  Petri  dishes  were  irradiated  (18  W,  at  a 
distance  (rf  1  cm)  wifo  UV  light  at  a  wavtdength  254  nm  for  5  min  at  0°C 

SDS>PAGE.  Photoaffinity  labHed  samples  were  centrifuged  for  min  at  15,000  x  g 
and  pellets  were  prqitted  for  SDS-PAGE  Yn  resu^iension  in  non-reducing  sample  buffer 
(Laemmli,  19^)  and  incubation  at  KXTCfo  2  min.  Samples  were  loaded  on  1.5  mm  tiiickSDS 
acrylvnide  gals  (either  5-15%  or  5-20%  gradieots  or  single  polyacr^amide  concentration). 
EIcctrogdioresis  was  performed  at  75  mV  tfarou^  die  stacking  gel  and  at  200  mV  through  the 
resolving  gel  Gels  were  stained  with  2%  Coomassie  brilliant  blue  in  methanokacetic  bM:H20 
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(50:7.5:42.5)  for  one  hour,  then  destained  in  methanol:acetic  acid:H20  (30:7.5:62.5)  to  locate 
protein  bands  (Weber  and  Osborn,  1969). 

Gel  slicing,  niotolabeling  and  SDS-PAGE  were  carried  out  as  described  above.  (}els 
were  left  prior  to  slicing  due  to  the  quenching  prt^rties  of  Ctoomassie  dye.  They  woe 

sliced  into  4  mm  duck  pieces  with  a  raztx’  blade  and  iqyproximate  molecular  weights  were  recorded 
by  comparison  to  moleculai  weight  markers  in  adjacent  lanes.  Slices  were  dissolved  in  0.5  ml 
Soluene  ar^  0.1  ml  H2Q  by  heating  at  60°  C  for  3  hours.  Fifty  microliters  glacial  acetic  acid  was 
addftd  to  neutralize  the  scintillation  cocktail  (OCS).  After  adding  6  ml  OCS,  samples  were  placed 
in  the  dark  overnight,  then  assayed  for  radioactivity. 

Purification  and  reconstitution  of  sodium  channels.  For  reconstitution 
experimoits,  sodium  chatuiels  purified  from  rat  brain  by  solubilization  in  Triton  X-100, 
chromato^aphy  tm  DEAE-Sejdiadex,  hydroxylapadie,  and  ^K^ieat  germ  agglutmin-S^iiarose,  and 
sedimentation  thrcNi^  sucrose  gradients  as  described  by  Hartshome  and  (Tatterall  (19m)  wm 
reconstituted  into  phosphatklylcholine/phosphaddylethanolamine  vesicles  as  described  by  Feller  et 
al  (1985). 
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Covalent  Labeling  of  Sodium  Channels  in  Synaptosomes  by  a  Photoreactive 

Brevetoxin  Derivative 

Receptor  stability  to  irradia^on.  It  was  necessary  to  determine  whether  the  Na*'’ 
channel  receptor  was  desooyed  by  UV  light  used  to  activate  the  phoioaflinity  label 
Symqjtosomes  were  irradiated  as  descrih^  above  and  then  incubated  with  2  nM  [3H]PbTx3-Pho 
forlhrat4°C  Bound  radioactivity  was  assayed  for  determination  of  total  and  mmspecific 
binding.  Approximately  11%  of  s^mqitosome  specific  Innding  cqracity  was  lost  upon  irradiatitm 
in  conqMtrison  to  a  con^  popula^  which  had  not  been  etqmsed  to  UV  light 

Displacement  of  native  [3H]PbTx3  by  photoaffinity  probe.  In  (Hder  for  the 
phgtoafRmty  derivative  of  PbTx3  to  be  used  in  specific  labding  of  die  brevetoxin  bimhng  site  5, 
die  derivadzed  toxin  must  demonstrate  the  ability  to  displace  underivadzed  toxin  from  its  recqitor. 
To  examine  this,  spec^  binding  of  increasing  concentradons  [^HlPbTcS  was  measured  in  the 
abse^  competing  n>Tx-Phoorin  die  presrace  of  5  nM  or  IS  nM  PbTx-Fho  and  the  data  were 

analyzed  for  compeddve  inhibition  ttfbiiK^ig  by  douUerectyiocri  plots.  The  jdiotoreacdve 
compoimd  displaced  [3H]FbTc3  from  its  spedfk  site  of  biiM^g  in  a  omipeddve  manner,  as 
evidenced  by  the  intersecdon  of  the  double  redprocal  plots  on  tte  y-axis  (Hg.  1).  The  double 
reciprocal  arudysis  indicates  a  Kd  for  PbTx-Pho  of  5  nM.  The  similar  binding  afiinides  of 
derivadzed  and  nadve  Fb1\3  illustrate  that  aocessiinlity  of  the  brevetoxin  to  its  receptor  site  is  not 
linuted  by  covaloit  modificadon  ot  the  toxin  hydroxyl  frincdon  by  the  azido  group  of  the 
photoieacdve  compound. 

Specific  binding  characteristics  of  [^HIPbTx-Pho.  Analysis  of  the  time 
necessary  to  remove  one  half  the  total  [3H]PbTx3-Fbo  from  its  receptor  (tjn)  showed  that  the  ty2 
of  die  phototdfinity  prcte  was  approximately  2  hr,  a  value  significandy  Idgl^  dian  the  20-30  mm 
t]/2  calculated  for  nadve  PbTx3.  This  long  half-life  of  the  toxin-receptor  complex  allowed 
extensive  washing  to  remove  nonspecifictdly  bound  toxin  before  irradiadon.  The  most  effective 
blocker  of  nonsprofrk  binding  was  the  nontwlioacdve  FbTx3-nio  derivative  which  displaced 
about  S9%  of  the  total  bound  [^PbTx3-Pho  ccxisistent  widi  59%  specific  binding.  The  specific 
binding  values  of  these  prqiaradons  were  improved  by  use  of  bovine  serum  albumin  (BSA)  as  a 
scavenger  proleiiL  Bimtog  medium  containing  1%  BSA  reduced  nonspecific  binding 
subsuuttially,  resulting  in  qiproximately  85%  specific  binding  (Table  I)-  Three  wasfa^  by  dilution 
and  centrifugation  prior  to  photolysis  resulted  in  a  decrease  in  nonqiecific  binding  widiout 
significant  reduction  in  specific  landing.  All  photoafiBnity  labeling  eiqperimentswidi  the 
photoafBnity  label  iirili»!d  dnee  pte-UV  washed  widi  BSA  and  a  5  minute  irradiatkm  time  to 
marimiae  total  binding  while  minimizing  nonspedfic  interaction. 

Scatchard  analysis.  A  Scatchard  analysis  of  phoioaffinity  probe  binding  to 
syni^tosomal  membranes  resulted  in  a  ncm-linear  plot,  suggestiiig  Ac  presence  of  two  binding 
sites  for  the  brevetoxin  mdecule  on  the  Na'*’  channel  (Rg.  2).  Binding  of  the  photoaffiiuty  label  to 
the  high  affinity  site  was  described  by  a  Kd  of  0.64  nM  ^  a  maxinud  Innding  affinity  (Bmax)  of 
3.74  pmol/mg.  TVo  site  binding  of  [^R)Tx3-Rio  to  synaptosomal  membnmes  was 
substantiated  in  an  experiment  wtich  utilized  toxin  concentrations  up  to  1(X)  nM  (Hg.  3A).  Ifigh 
affiruty  site  Kd  was  1.04  nM  and  Bmax  =  6.28  whacas  low  afiinity  site  vriues  woe 

15.6  nM  and  39.6  pmoleAng  for  Kd  and  Bmax,  respectively. 

High  affiruty  binding  can  be  blocked  tty  incubating  symqnosomes  with  5  nM  unlabeled 
PbTx3-Fho  followed  by  irradiation  to  form  a  covalent  bo^  between  ligand  and  tecq>tor.  A 
Scatchard  analysis  of  duspv^treatediHeparation  was  compared  to  a  centred  experiment  (Hg.  3B) 
using  an  identical  concentrttion  of  syni^tosomes  which  had  not  been  pretreaied.  Pre-treated 
synaptosomes  diqdayed  only  low  affinity  binding. 
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Analysis  of  photolabeled  sodium  channels  by  SDS-PAGE.  SDS-PAGE 
analysis  of  [^FbTx3-Pho  covalently  bouml  to  synaptosomes  was  peifonned  using  bodi  5- 
17.5%  and  ^20%  gradient  gels  as  well  as  5%  acrylamide  gels.  The  gradient  gels  were  used  to 
resolve  potential  binding  of  the  photoaffinity  probe  to  both  the  0^2  subunit  comidex  (about  3(X) 
kD)  and  the  pi  subunit  (36  ld>)  on  die  same  gel.  A  protein  band  widi  a  molecular  weight  slighdy 
gruuer  diM  die  700  kD  marioer  protein  was  determined  to  contain  the  most  specifically  bound 
radioactivity.  Since  this  band  was  located  in  such  close  proximity  to  the  stacking  gel  which  also 
contained  radinlahelled  proteins  unable  to  entm*  the  resolving  gel,  a  S%  gel  was  us^  to  separate 
di^  two  componoits  uA  to  provide  direct  evidoice  of  labeling  of  otP2  with  die  radiolabeled 
photoaffinity  prate  (Hg.  4).  This  photoaffinity  labeled  a  subunit  preparation  was  used  for 
antibody  mapping  (rf  die  site  of  cogent  labeling  as  described  below  under  Task  V. 


Covalent  Labeling  of  Sodium  Channels  in  Reconstituted  Vesicles  by  a 

I^otoreactive  Brevetoxin  Derivative 

High  affinity  binding  of  PbTx3  to  purified  and  reconstituted  sodium 
diannria.  AlthcMigh  sodium  channels  in  sym^tosomes  can  be  specifically  phottdabeled  by  the 
{diotraeacdve  bievetoxin  derivative  [^HJPbTxS-Fha  the  low  ctmcentration  of  sodium  channels  in 
tte  syni^tosomes  and  the  losses  that  inevitably  occur  in  the  pmificatkm  of  the  labeled  sodium 
rhannftk  from  die  synqNosomes  limit  the  oxicenuation  of  purified,  photolabeled  sodium  channels 
that  are  available  for  antibo^  mtqiping.  This  has  greatly  slowed  the  progress  of  die  antibody 
miqiping  eiqieiiments  described  wider  Task  IV  below.  We  have  dierefoie  developed  methods  to 
measure  the  spedfic  high  affinity  binding  of  PbTx3  to  purified  sodium  channels  in  reconstituted 
phospholipid  vesicles.  Reconstituted  sodum  channels  were  prepared  as  described  uiuln’ 
Experimental  Procedures.  Vesicles  were  incubated  widi  [^HJPbiyS  as  described  above  and  the 
reconstituted  vesicles  with  bound  toxin  were  collected  ai^  washed  by  filtration  on  GF/F  filters.  In 
the  presence  of  0.5  nM  [^IQ^TxS,  reconstituted  sodium  channels  r^dly  bind  labeled  toxin  (Fig. 
S).  Maximum  binding  is  obtained  in  less  than  10  min.  The  binding  of  the  toxin  to  reconstitute 
s^ium  channels  is  inhibited  up  to  94%  by  unlabeled  toxin  widi  a  Kd  of  tyifHOxirnately  10  nM 
(Hg.  6).  Thus,  specific  binding  accounts  for  94%  of  total  binding.  No  spraific  binding  is 
oberve  widi  reconstituted  vesicles  containing  no  sodium  channels  (Hg.  6).  PbTx3-Pho 
competes  with  [3H]FbTx3  for  binding  to  puriffe  and  reconstituted  sodium  channels.  Eadie- 
Htkstee  analysis  of  tte  mechanism  of  inhibition  of  binding  cf  pHjPbTx  by  unlabeled  PbTx3-Pho 
reveals  a  strictly  competitive  mode  of  inhibition  (Hg.  7). 


Diacmaittn 


The  results  with  specific  binding  and  covatent  labeling  of  sodium  channek  with  txevetoxin 
derivatives  are  very  encouraging.  It  is  suiprising  that  such  a%drophobic  ligand  binds  with  such 
hi^  specificity  of  sodium  chanmls  in  both  symyxosomes  and  in  purified  and  reconstituted 
vesicl^.  The  hi^  level  of  specific  binding  observed  using  these  reconstituted  vesicles  indicates 
Aat  a  substantial  improvement  in  the  level  of  photolabeled  sodium  channek  for  antibody  miqiping 
can  be  achieved.  Experiments  to  extend  the  metiiods  fw  covalent  labeling  of  symqxosOTies  to  die 
purified  and  reconstituted  sodium  channels  for  antibody  mapping  experiments  are  now  in  progress. 
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Figure  Lgggnda 


FIG.  1.  The  inhibition  of  [^HlPbTxJ  binding  by  p>azido  benzoyl  brevetoxin 
irtiotonffinity  probe.  The  photoaffinity  derivative  was  examined  for  its  abili^  to  displace 
PH]PbTk3  firam  its  spec^jite  of  binding  in  rat  brain  synaptosomes  using  a  Lineweavo’-Burke 
double  recqnocal  analysis.  Experiments  wne  cankd  out  as  described  untto  Experimental 
Procedures.  The  concentrations  of  pHlPbTxS  were  S,  10,  ami  IS  nM.  Unlabeled  photoaffinity 
probe  ctmceotrations  weieO  (1 ),  5  (s ),  15  (n  )  nM.  Bound  radioactivity  (B)  was  measured  as  the 
difference  between  total  and  nonspecific  values.  Free  radioactivity  (F)  was  determined  assaying 
supernatant  solutitms.  Lines  ate  computer-generated  first  order  regressitms.  Error  bars  span  the 
range  of  diqrlicate  determinatioos. 

FIG.  2.  Scatchard  analysis  of  [3H]PbTx3-Pho  binding  to  crude  synaptosonud 
preparatkais.  Ccmcentrations  of  photoaffinity  probe  ranged  fi^  0  to  25  nM.  Cmicentratkm  of 
nonradioactive  PbTx3-Pho  used  for  determination  of  non^ecific  activity  was  10  pM.  Eirm  bsors 
span  the  range  of  duplicate  values  and  points  represent  the  mean. 

FIG.  3.  Scatchard  analysis  of  [3H]PbTx3-Pho  binding  to  crude  synaptosomal 
preparations.  A.  Concentrations  of  photoaffinity  probe  ranged  from  0  to  100  nl^  R. 

Analysis  was  p^ormed  as  in  panel  A  but  sym^tosomes  were  pretreated  for  one  hr  at  0°  C  with  5 
nM  nonradioactive  PbTx3-Fho.  Concentration  ci  nonradioactive  PbTx3-Pho  used  for 
determination  of  nonspecific  binding  was  10  pM.  Synaptosomes  were  irradiated  for  5  min  with  a 
UV  lamp  having  a  254  wavelength  maximum.  Error  b^  span  the  range  of  duplicate  values  and 
points  represent  the  mean. 

FIG.  4.  SDS-PAGE  analysis  of  sodium  channels  in  synaptosomes  covalently 
labeled  by  [3H]PbTx3-Pho  on  a  5%  acrylamide  gel.  Specific  binding  was  calculate  as 
the  diffetenoe  beiween  total  and  nonspecific  components  ^itiiich  were  electrophoresed  in  different 
lanes.  Mktlecular  weight  is  designated  in  kDa  on  the  upper  abscissa.  Gel  slices  woe  4  trun  diicL 
Stacking  gel  and  dye  front  were  not  counted. 

FIG.  5.  Time  course  for  brevetoxin  binding  to  vesicles  containing  reconstituted 
sodium  dtanneb.  Vesicle  samples  were  incubated  with  0.5  nM  PH]PbTx3  fm:  the  indicated 
time  then  assayed  for  radioactivity  by  filtration  through  GF/F  filters.  Specific  binding  was 
determined  as  the  difference  benign  total  and  nonspecific  binding  in  the  absence  and  presence  rtf' 
10  pM  PbTx3.  Points  represent  mean  values  and  error  bars  indicate  the  standard  deviation. 

FIG.  6.  Inhibition  of  [^HiPbTxS  binding  to  reconstituted  sodium  channels  by 
unlabeled  PbTx3.  Binding  ik  0.5  nM  PH]PbTx3  to  reconstituted  sodium  channels  was 
determined  in  the  presence  m  die  indicate  concentration  of  unlidteled  PbTx3  (circles).  Heat 
inactivated  sodium  chaimels  (incubated  at  37^  frn:  15  min)  were  reconstituted  into  phosphdipid 
vesicles  and  tested  for  their  ability  to  bind  brevetoxin  (triangles).  Points  represent  the  mean  of 
diqtlicaie  determinations  and  error  bars  q>an  the  range  of  values. 

nG.  7.  The  inhibition  of  [3H]PbTx3  binding  by  PbTx3  Pho  (2>p- 
tetrahydropyranoxyl'phenyU  3-p-azidophenyl  propionyl  brevetoxin).  The 

•  ••  .  •  «  «  .•  mm  m 


[3H]PbTx3  from  its  specific  site  df  binding  in  rat  br^  synaptosomes  by  L^weaver-Burke 
double  reciprocal  anidysis.  The  concentrations  ttf  PH]PbTx3  woe  10, 1, 0.5, 0.25, 0.12  nM. 
Unlabeled  photoaffinity  probe  concentrations  were  0  (open  circles),  0.05  (filled  circles),  0.5  (open 
triangles),  5  (filled  triangles)  and  50  (open  squares).  Bmind  radioactivity  (B)  was  measured  as  the 
diffinence  bttween  total  and  nonspecific  values  (determined  in  die  absence  and  presence  of  10  pM 
PbTx3).  Free  radioactivity  (F)  was  detormined  by  assaying  supernatant  sdutions.  Lines  are 
computer-generated  first  order  regressions.  Error  bars  span  the  range  of  duplicate  determinations. 
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TABLE  I 

Pre>UV  washes^ 

Binding 

Number 

Total 

Nonspecific 

Specific 

(DPM) 

(DPM) 

(%) 

0 

29000 

14000 

53 

1 

27000 

9000 

67 

2 

27000 

6000 

79 

3 

24000 

4000 

83 

4 

17000 

3000 

82 

5 

12000 

2000 

86 

lA  number  of  washes  poor  to  UVinadiationwiifa  buffer  coataming  1%  BSA  resulted  in 
specific  bhkbng  activity  as  shown.  Unlabeled  PbTx3-Pho  was  used  at  a  concentration  of  10  pM  to 
assay  nonspecw  bindhng.  The  average  error  of  die  mean  of  diq>licaie  determinations  was  7%. 
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TASK  IV.  IDENTIFICATION  OF  PROTEIN  COMPONENTS  OF 
NEUROTOXIN  RECEPTOR  SITES  1  AND  5 

The  goal  of  this  Task  is  to  identify  the  pnHein  comp^nts  of  neurotoxin  receptor  sites  1 
and  5  by  photoaffinity  labeling  and  antibody  mapping  experiments.  Our  experiments  to  date  have 
focussed  primarily  on  neurotoxin  receptor  site  5  using  a  photoreactive,  ^H-labeled  derivative  of 
brevetoxin.  These  experiments  have  been  carried  out  in  collaboration  with  I>r.  Daniel  Baden  of 
die  University  of  Miami 


Experimental 


[am 


Purification  of  photolabeled  sodium  channels  from  synaptosomes.  The 
method  of  pu^cation  was  based  on  the  procedure  of  Hartshrvne  and  Catted  (1984)  with 
nwllificaripns  as  leqidied  for  the  smaller  amount  of  starting  material  and  the  radioactivity  of  die 
starting  ma^al-  A  covalent  labeling  expt^ent  using  5  nM  [^HJPbTxS-Pho  was  performed  as 
described  un^  Task  in  above.  The  solution  was  centrifuged,  and  the  pellet  was  resuspended  in 
spliihiliy-^irinn  solution  (Hutshome  et  al.,  1980).  Over  a  30  min  period,  twelve  0.2  ml  rdiquots  of 
4%  TrittMi  X-100  were  ad^  widi  stirring  at  0°  C  to  double  the  sample  vrdume,  resulting  in  a  final 
concentration  of  2%  Triton  X- 100.  Unsolubilized  membrane  fragments  woe  seditnented  at 
1 10,000  X  g  for  60  min.  The  supernatant  solution  was  harvested  and  further  purified  using  gel 
filtration. 


DEAE-Sephadex  A-2S  (2.75  x  23  cm  colunrn  widi  a  65  ml  packed  gel  vdume)  was 
equilibrated  with  a  buffer  containing  120  mM  KQ,  TO  mM  histidine  HQ  (adjusted  to  pH  6.5  with 
Tris  bare),  10  mM  CaQa,  1.0%  Triton  X-1(X)  and  0.12%  egg  phosphatidylcholine,  the 
membrane  extract  was  recirculated  through  the  equilibrated  column  (see  equilibration  inotoral 
below)  at  least  3  times.  The  resin  was  washed  with  at  least  3  column  volumes  of  equilibration 
bitfer.  The  column  was  connected  to  a  fraction  coUectm  and  the  sample  was  eluted  from  the  gel 
with  a  buffer  identical  to  die  eqi^bration  buffer  but  with  an  increase  in  the  KQ  concentration  to  1 
M  Aliquotsof  the  one  ml  fractions  were  assayed  for  protein  arxl  radioactivity.  Fractions 
containing  [3H]PbTx3>Fho  were  pooled  for  furibia  purification. 

The  eluate  from  die  km  exchange  cdumn  was  fiirdier  purified  on  9.5  ml  packed  volume  of 
WGA-Sepharore  in  a  0.9  x  15  cm  cdunm.  The  tectin  was  equilibrated  as  described  below  for 
cedumn  regmeratkm.  Pooled  firactions  from  the  DEAE  Sqihadex  A-25  column  were  aUowed  to 
pass  through  the  lectin  column  3  times  by  gravity  flow.  Ihe  resin  was  washed  widi  50  column 
volumes  of  buffer  III  containing  0.15  M  NaQ,  50  mM  HEPES,  0.1%  Triton  X>100,  pH  7.6.  The 
sample  was  eluted  firom  die  column  with  buffer  H  (0.15  M  NaCl,  50  mM  HEPES,  0.1%  Triton  X- 
100, 0.3  M  N-acetyl  ^ucosamine,  pH  7.6).  Chie-balf  ml  fractions  were  assayed  for  inotein  and 
radioactivity. 

A  typical  purification  of  covalently  labeled  sodium  channels  by  there  procedures  is 
illustrated  in  Table  L 


Cleavage  of  photolabeled  sodium  riiannels  by  trypsinization  and 
determination  of  ^H-labeled  peptide  size  by  SDS-PAGE.  PbTx3-Pho-labeled  sodium 
channel,  iriiidi  had  been  purified  dirouj^  the  WGA-Sepharore  step,  was  dialyzed  extensively  at  4** 
C  againitt  (^tilled  H^Q  and  dien  lytmhitized.  The  PbTk3-Fho-labeled  sodium  channel  was 
resuqiended  in  a  volume  of  Buffer  S  (10  mM  Ttis-HQ,  pH  7.4, 150  mM  NaQ,  1  mM  EDTA, 
0.1%  Triton  X-100)  triiich  resulted  in  rqrproxinuuely  2000  DPM  per  25  pi.  TPCK-trypsin  was 
to  give  a  firud  concentration  of  10  mghnL  The  solution  was  incubated  for  the  d^gnated 
time  a^  the  reaction  stopped  by  adding  an  equal  volume  of  SDS  sarrmle  buffer  omtaining  2- 
iiieiciqrtoeth^l  (Laenurm,  1970).  Samples  were  incubated  at  100°  C  for  2  min,  allowed  to  cool 
and  subjected  to  SDS-PAGE  and  gel  sli^g  as  described  above.  TPCK-trypsin,  which  cleaves 
qredfically  at  lysine  and  arginine  residues,  was  stored  frozen  in  small  aliqu^  of  Buffer  S  to 
assure  that  an  ^ntical  concentration  and  lot  nunbn’tff  the  enzyme  was  used  frrr  each  experiment 
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Anti-peptide  antibodies.  Anti-peptide  antibodies  were  prepared  as  described  under 
Task  I  above.  RtU)bit  antisera  containing  anti-sodium  channel  antibody  were  purified  using  protein 
A-Sepharose  chromatogn4)hy.  The  column  was  prepared  by  pre-equilibrating  SOO  mg  protein  A- 
Sepharose  overnight  at  room  temperature  in  0.1  M  sodium  phosphate  buffer,  pH  8.  The  gel  was 
slowly  decanted  into  a  small  ocdumn.  One  ml  serum  was  diluted  with  1  ml  binding  buffer 
containing  0. IS  M  NaCl,  20  mM  sodium  ]rfiosphate,  pH  8,  and  slowly  loaded  onto  the  column. 
Tire  resin  was  washed  with  6  ml  binding  buffer,  then  eluted  with  0.1  M  glycine,  pH  3.  One-half 
ml  fractions  were  collected.  Protein  was  monitmed  at  280  nm  in  a  spectrophotometer.  Peak 
protein  fractions  were  pooled  and  concentrated  with  Amicon  30,000  cutoff  centrifugation 

fillers.  The  sample  pH  was  adjusted  to  7.4  with  Tris  base  prior  to  use  in  immunoprecipitation 
studies.  Protein  A-^harose  columns  were  regenerated  as  described  above. 

Immunopredititation.  This  method  is  a  modification  of  the  procedure  described  by 
Tejedor  and  CaunmnsU  (1988).  WGA-Sepharose  purified  PbTx3-fho-labe]ed  sodium  channel  was 
resuspended  in  Buffer  S  to  give  a  final  activity  fk  about  1000  DPM  p^  50  One  tenth  final 

volume  of  TPCK-tr^sin  or  Buffer  S  (contnd)  was  added  and  the  sample  digested  for  the 
ajqmjpriate  time  indicated  in  figure  legends.  After  addition  of  0.1%  SDS,  Uk  sample  was 
incubated  at  1()0°  C  for  3  min,  titen  cooled  to  room  temperature  by  swirling  on  ice.  Soybean 
trypsin  inhibitor  (Sigma)  was  added  to  a  final  concentration  of  30  pg/ml  and  incubated  for  S-10 
min  at  4**  C  The  foUowing  series  of  effectors  were  then  added  to  give  the  indicated  final 
concentrations;  1%  Triton  X-100, 150  mM  NaQ,  0.5  mg/ml  BSA.  The  appropriate  sodium 
channel  antibody  was  added  to  give  a  final  concentration  ci  1.2  mg/ml.  The  reaction  mixture  was 
incubated  witii  rotation  at  4**  C  overnight 

Hfteen  mg  of  protein  A-Sepharose  (150  pi  of  100  mg/ml  stock),  swollen  for  1  hr  in  TBS 
buffer  (0.5  mgfrnl  BSA,  20  mM  Tris,  pH  7.4, 150  mM  NaCl,  1%  Triton  X-100)  was  added  and 
incuba^  with  natation  at4**C  for  45  min.  The  sample  was  centrifriged  for  15  sec  in  a  microfiige, 
the  supernatant  solutions  discarded  and  the  pellet  resuspended  in  1  ml  TBS.  This  step  was 
repeated  2  mme  times.  The  pellet  was  assayed  for  radioactivity. 

Phosphorylation  of  WGA-purified  sodium  channel.  This  method  was  performed 
as  described  by  Schmidt  et  al.  (1985).  Five  hundred  pmoles  of  sodium  chaimel  purified  through 
the  step  of  W(}A-Seirfuaose  (described  above)  were  added  to  a  solution  of  100  ^  ATP,  10  mM 
MgCl2>  0.05%  Triton  X-100, 0.1  p^mol  cAMP-dependent  protein  kinase,  0.25  pCi^mol  32p 
ATP  incubated  at  0^  C  for  60  miiL  The  reaction  was  stop^  by  adding  EDTA  to  give  a  final 
concentration  of  20  mlVl  The  mixture  was  divided  into  8  eqi^  aliquots,  then  centrifriged  in  a 
mictofoge  for  45  sec  tiuo^  eight  G-50  colunms  (2  ml  volume  packed  in  3  ml  syringes)  pe- 
ttpiilihraied  with  NET  bufOT.  cdumn  eluate  was  assayed  for  radioactivity  and  used  in  RIAs. 

Radioimmunoassay.  Varying  concentrations  of  antibody  were  added  to  0.1  M  glycine, 
pH  7.4  and  incubated  with  5  pmol  ^^p.iabeled  Na'*’  channel  in  NET  buffer  (75  mM  NaQ,  2.5  mM 
EDTA,  25  mM  Tris,  pH  7.4, 0.1%  Triton  X-100, 50  mM  NaH2P04, 20  mM  KF).  This  mixture 
was  incubated  fOT  4-16  hrs  at  4**  C  witii  rotation. 

Five  mg  of  protein  A-Sepharose,  swollen  1  hr  in  NET  buffer,  was  added  and  the  solution 
incubated  for  45  min  at  4**  C  with  rotation.  The  sample  was  centrifriged  at  4**  C  fw  15  sec  and  the 
supernatant  solution  discaided.  One  ml  NET  buffer  was  added,  the  sample  resuspended  and 
centrtiii|!Ml  as  before.  This  step  was  repeated  two  mcne  times.  The  pellet  was  assayed  for 
radioactivily. 

acaiiitd 

TPCK-trypsin  digestion.  In  order  to  optimize  specific  antibody  recognition  of  Na'*’ 
channel  pqitides,  determination  of  enzyme  concmitration  and  digestion  time  needed  to  obtain 
protein  fragments  having  sizes  similar  to  a  subunit  domains  (iqiproximately  70  kD)  was  necessary. 
In  preparation  for  immunoprecipitation  studies,  die  PbTx3-F^  NaCh  was  treated  with  varying 
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concentrations  of  TPCK-ti>psin  and  filtered  through  polysulfone  centrifugation  filten  (Millipoie) 
to  monitor  the  generation  of  appit^iriate  peptide  fragments.  Estimates  of  TPCK-tiypsin 
concentrations  needed  to  give  a  peptide  size  useful  for  immunc^necipitation  studies  were  made  by 
SDS-PAGE.  SDS  gels  containing  typsinized  PbTx3-Pho  NaCh  were  sliced  and  the  radioactivity 
associated  with  pe[Aide  fragments  <46  kDa,  46^9  kDa,  69-200  kDa  and  >200  kDa  was 
determined.  A  size  range  of  peptides  useful  for  immunt^irecipitation  studies  resulted  after  a  1  to  60 
min  incubation  with  10  pgMU  TPCK-trypsin  (Rg.  1  A).  Treatment  with  100  pg/ml  TPCK-trypsin 
result^  in  l^pIoximately  40%  peptides  smaller  than  46  kD  after  only  1  min  digestion  (Fig.  IB). 
Treatment  with  10  pg/ml  was  chosen  as  the  condition  for  further  studies. 

Radioimmunoassay.  Rabbit  antibodies  recognizing  conserved  peptide  sequences  from 
the  four  separate  Na***  channel  a  subunit  domains  were  assay^  for  activity  by  RIA  to  ccmfirm  their 
relative  potency  for  the  inununc^recipitation  experiments  ^g.  2).  Antibodies  to  SPl,  SP14,  and 
S]n9  all  showed  high  affinity  for  tiieir  Na'*’  channel  recognition  sequences,  whereas  this 
preparation  of  anti-S^S  was  shown  to  have  relatively  weak  affinity  for  its  anti^nic  site.  Results 
obtained  using  the  latter  antibody  were  not  document^  in  this  report  due  to  low  sample 
radioactivity. 

Identification  of  photolabeled  peptide  fragments  by  immunoprecipitation. 

In  the  first  immunoprecipitation  experiment,  the  antibody  to  SPl  was  incubated  with  intact  (no 
trypsin  treatment)  ^Tx3-Pho  NaC^.  This  antibody  showed  significant  recognititm  of  tiie 
brevetoxin-linhsd  Na'*'  channel  protein  covalent  conjugate  over  the  preimmune  serum  control  (Fig. 
3).  Although  the  level  of  radioactiviQr  in  the  samples  was  small,  the  recognition  by  anti-SPl  was 
statistically  sigiiificant  (poO.OS).  Increase  of  antibody  protein  to  1  mg/ml  resulted  in  30%  greater 
immunr^necipitation  of  PbTx3-Pho-labeled  sodium  channel  than  the  0.1  mgfrnl  value  (not  shown). 
Tryptic  digestion  of  the  tritiated  brevetoxin/Na'*'  channel  conjugate  for  1 , 10,  or  60  min  at  37*’  C 
followed  by  immunoprecipitation  showed  Aat  only  the  domain  IV  antibody  (anti-SP29)  retained 
greater  than  60%  of  its  control  binding  activity  at  the  final  time  point  (Rg.  4A).  Tfhis  experiment 
was  repeated  using  an  additional  domain  IV  antibody  (anti-SP13)  which  recogni^s  a  sequence  on 
the  same  extraceUular  loop  in  domain  IV  as  anti-SP29.  Results  ^m  both  experiments  were 
similar  (Fig.  4B),  showing  that  both  domain  IV  antibodies  recognized  a  tryptic  peptide  covalently 
liiUied  to  die  brevetoxin  photoaffinity  probe. 


PiaciiaaiQB 

Significance  of  brevetoxin  binding  to  domain  IV.  Our  initial  results  indicating 
brevetoxin  birxling  to  protein  segments  in  domain  IV  are  of  great  interest  Results  on  calcium 
channels  luve  indicated  Aat  bcxh  phenylalkylamine  and  dihydropyridine  calcium  chaiuiel 
riKXtulators  bind  to  sequences  in  tius  domaiit  Dihydrc^yridines  have  effects  on  calcium  channel 
gating  which  resemble  in  important  respects  the  effects  of  brevetoxins  on  sodium  channels. 
Moreover,  at  high  concentrations,  dihydrc^yridines  are  known  to  have  effects  on  sodium  channels 
themselves.  It  seems  likely  that  genertd  mechanisms  of  pharmacological  modulation  of  die  vtdtage- 
gat^  ion  channels  may  emerge  tom  studies  of  the  receptors  sites  for  pharmacological  agents  on 
these  two  relat^  km  chaimels. 

Future  experiments.  We  will  follow  up  these  irutial  antibody  mapping  studies  in  two 
directions.  We  will  use  die  existing  phottdabeling  and  antibotfy  mapping  method  to  furtho' 
define  die  peptide  frai^nts  of  domain  IV  of  the  a  subunit  which  are  involved  in  brevetoxin 
binding.  In  addition,  we  will  complete  development  of  a  new  l^I-labeled  photoaffinity  reagent 
wltich  appears  very  promising  in  our  current  experiments.  This  new  reagent  will  allow  antibody 
mapping  at  substant^y  highn  resolution  because  of  its  higher  specific  radioactivity. 
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Figure  Legends 


FIG.  1.  SDS-PAGE  analysis  of  PbTx3-nio-labeled  sodium  channel  treated  with 
TPCK-trypsin.  Gel  lanes  were  cut  into  4  mm  slices,  compared  to  molecular  weight  standards, 
and  assay^  Iot  radioactivity  as  described  in  Experimental  Procedures.  Na**’  channel  preparations 
were  tret^  with  10  ^g/ml  (A)  or  100  ^g/ml  (B)  TPCK-tiypsin  at  37**  C  for  the  designated  time. 
Standard  mcdecular  weight  markers  (see  symbol  legend)  are  myosin  (200  kD),  bovine  serum 
albumin  (69  kD),  and  ovalbumin  (46  kD).  Enor  b^,  when  present,  show  range  of  duplicate 
determinations. 

FIG.  2.  Radioimmunoassay  of  antibodies  directed  against  Type  IIA  Na-^  channel 
sequences.  A  32p.iabeled  Na^  channel  preparation  was  incubated  with  raU>it  antibodies  dir»^ 
ag^st  peptides  located  (m  each  of  the  4  channel  domains.  Protein  was  measmed  as  A280'  Each 
point  is  a  single  determination. 

FIG.  3.  Immunoprecipitation  of  brevetoxin-labeled  Na-^  channel.  PbTx3-Pho- 
labeled  sodium  channel  was  incubated  with  either  prrammune  serum  or  anti-SPl.  IgG  protein 
concentrations,  determined  by  absorbance  at  280  nm,  were  0.3  mg/tal  (preimmune  soum)  and  0.1 
mg/ml  (antibody  to  SPl).  Samples  were  counted  for  20  min  resulting  in  a  95%  confidence  level  of 
±  2%  of  the  mean. 

FIG.  4.  Immunoprecipitation  with  anti-Na-^  channel  antibodies  with  recognition 
sequences  on  3  separate  domains.  A.  PbTx3-Pho-labeled  sodium  channel  (^proximately 
18  pmol  prorein  per  tube)  was  incubated  with  TPCK-trypsin  at  37*  C  for  die  desigm^  time  and 
incubated  with  Na***  channel  antibodies  (0.1  mg  antibody  protein  per  sample ).  Antigen/antibody 
complexes  were  immnoprecipitaied  with  protein  A-Sep)ui^  using  the  procedure  described  in 
Experimental  Procedures.  Each  point  is  a  single  determinaticm.  B.  The  experimoit  in  panel  A 
was  repeated  with  0.18  mg  antibody  protein  par  sample.  An  additional  domain  IV  antibody  (anti- 
SPl  3)  was  used.  Total  radioactivi^  for  controls  (1CI0%  total  binding)  was  approximately  IX 
CPM.  Blank  CPM  =  30.  Samples  were  counted  for  20  min  resulting  in  a  95%  confidence  level  of 
±  2%  of  the  mean. 
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FIGURE  2. 
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TABLE  I 


Brevetoxin  Re<%ptor  Purification^ 


Step 

PbTx  receptor 

Protein 

Activity 

Purification 

pmol 

% 

mg 

% 

pmol/mg 

-fold 

Membrane  extract 

0.55 

100.0 

1.0310.04 

100.0 

0.55 

1.0 

DEAE-Sephadex 

0.3210.04 

29.6 

0.201 

0.002 

24.4 

1.6610.2 

3.0 

WGA-Sepahrose 

0.2610.04 

24.0 

0.0710.01 

9.0 

3.64 1 0.1 

6.6 

^Receptor  activity  was  measured  as  the  specific  ladioactivi^  of  die  tritiated  photoaffinity  Na^ 
derivative.  Values  are  ±  standard  deviation,  n  =  3  where  indicated. 
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TASK  V.  INHIBITION  OF  NEUROTOXIN  BINDING  TO  RECEPTOR  SITES  1 
AND  5 

Although  we  have  not  yet  identified  die  protein  comp^nts  oi  neurotoxin  rector  sites  1 
and  S  by  photcM^ffinity  labeling  and  antibody  n^pjnng,  work  in  odier  laboratories  using  site- 
directed  mutagenesis  methods  has  succeeded  in  identifying  negatively  charged  amino  acid  residues 
diat  are  requi^  for  hig^  affinity  binding  of  tetrodotoxin  ^  saxitoxin  at  neurotoxin  receptor  site  1 
(Terlau  et  aL,  1991).  hi  these  experiments,  neutralization  of  one  or  two  negatively  charged 
residues  loci^  just  on  the  extracellular  side  of  transmembrane  segmrat  S6  in  each  domain  caused 
1000-  to  10000-fold  reductions  in  dw  affinity  of  die  sodium  channel  for  tetrodotoxin  and  saxitoxin. 
We  have  examined  whether  antibodies  that  recognize  amino  acid  segments  adjacent  to  or  including 
these  amino  acid  residues  are  effective  in  preventing  die  high  affinity  binding  of  saxitoxin  to 
so^um  channels. 

Exnerimentai  Procedures 

Binding  of  [^Hlsaxitoxin  to  sodium  channels  in  synaptosomes  was  measured  at  1  nM  toxin 
using  a  vacuum  filtration  method  as  described  by  Catterall  et  al  (1979).  Binding  of  [^^saxitoxin 
to  purified  sodium  channels  was  measured  using  a  nqiid  gel  filtratitm  method  as  describe  by 
Catterall  et  al  (1979).  Synaptosomes  and  purified  so^um  channels  were  pre-incubated  widi  the 
antibodies  for  4  hr  at  4°C  in  binding  medium  before  addition  of  [^Hlsaxitoxin  to  the 
binding  reaction. 


Results 

Syiuqimsomes  were  pre-incubated  with  approximately  7  pM  oi  each  antibody  preparation 
to  be  test^  pH]saxitoxin  was  added  and  specific  saxitoxin  binding  was  measured  as  described 
under  Experimental  I^x)cedures.  None  ttf  tiie  antibodies  tested  had  a  substantial  effect  on  saxitoxin 
binding.  In  particular,  antibodies  against  pqitides  SP28  and  SP34  which  contain  amino  acid 
residues  that  are  essential  for  toxin  binding  had  no  significant  effect  (Hg.  1).  This  is  a  sminising 
result  and  suggests  that  the  critical  residues  are  inaccessible  to  the  antibody  fox  binding.  The 
interaction  of  the  antibody  with  the  sodium  channel  must  be  mediated  by  tte  otha*  adjacent  amino 
acids  in  dw  peptide  segment  against  which  die  antibocfy  was  made. 

hi  order  to  improve  the  access  of  the  antibody  to  the  critical  regitm  of  the  sodium  channel 
setwnce,  we  tested  the  effects  of  die  same  panel  oi  antibodies  on  saxitoxin  biiKling  to  purified 
sraum  channel  solubiUzed  in  Triton  X-100.  Even  under  these  conditions,  we  foui^  o^y  small  or 
no  effects  oi  site-directed  antibodies  on  saxitmun  binding  (Fig.  2).  Peptide  SP42  was  d^gned  to 
include  die  amino  acid  residues  diat  are  essoitial  for  toxin  binding  to  neurotoxin  receptor  site  1  in 
domain  II  (Task  I.  Fig.  IB).  This  peptide  proved  to  be  too  hydrofdiobic  for  our  usual  antibody 
developmoit  tet^rtiques,  so  a  new  method  for  solutnlization  and  immunization  was  develc^ied  (see 
Experimei^  Rocedures  under  Task  1).  Tests  of  the  antibody  against  this  pqptide  indicated  that  a 
small  inhiUtion  Of  toxin  binding  was  caused  by  this  antibody  at  7  pM  (Fig.  2).  Nevotheless,  this 
small  level  of  inhibition  at  high  antibody  concentration  is  not  a  very  encouraging  result 

Overall,  die  results  with  antib^  block  of  neurotoxin  Innding  to  receptor  site  1  indicate  diat 
the  critical  residues  for  higfi  affinity  bin^g  are  not  blocked  when  the  polyclonal  anti-pq>tide 
antibodies  that  we  have  developed  to  date  are  bound  to  the  sodium  chuineL 


Diacuaaioii 

Future  Experiments.  Our  standard  protocol  fcx  preparation  of  anti-peptide  antibodies 
involves  synthesis  of  18  to  20  residue  peptides.  We  have  fou^  that  this  procedure  is  optimum  for 
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production  of  antibodies  dtat  recognize  the  chaniwl  protein  as  well  as  the  synthetic  pq)tide  antigen. 
Our  polyckmal  and-peptide  antibo^s  contain  many  diffoent  individual  antibody  species  that 
recognize  different  se^nents  and  conformations  of  the  pq>tide  antigen.  Many  of  these  antibodies 
may  be  able  to  bind  to  die  protein  by  interaction  with  residues  diat  are  not  required  for  toxin 
bimling  and  therefore  may  not  be  effective  inhibitors  of  toxin  binding.  Moreover,  if  antibodies  that 
recognize  die  critical  residues  are  rare  in  the  polyclonal  peculation  of  IgG  molecules,  they  may  be 
prevented  from  reaching  their  recognition  site  by  the  binding  of  odier  antibody  molecutes  to 
adjacent  protein  segments.  To  circumvent  this  inroblem,  we  plan  to  isolate  the  antibody  molecules 
diat  recognize  the  critical  amino  acid  residues  specifically  by  affinity  purification  of  die  antilyxlies 
usinp  sh^  syndietic  pqitides  immobUized  on  Sephmxise  beads.  We  will  synthesize  S  to  7  residue 
pepndes  including  two  critical  amino  acid  residues,  covalently  attach  them  to  Sepharose  beads,  and 
ptvify  antibodies  by  adso^tion  to  them.  We  will  dien  test  these  antibodies  for  inhibition  of  toxin 
binding.  If  these  antibodies  ci  more  sha^ly  restricted  qieciffcity  are  effective  in  blocking  toxin 
binding,  we  will  ptqiare  monoclonal  antib^es  against  the  short  peptides  to  provi^  even  more 
qiecifk  reagents. 
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Figure  Lcyenda 

FIG.  1.  Effects  of  site>directed  antibodies  on  saxitoxin  binding  to  sodium 
channels  in  synaptosomes.  Rat  brain  synaptosomes  were  pre-incubaded  with  i^pioximately 
7^M  of  die  indca^  antibodies  fex’  4  hr  at  4^0  and  specific  binding  of  PH]saxitQxin  was 
measured  as  described  under  Experimental  Procedures. 

FIG.  2.  Effects  of  site-directed  antibodies  on  saxitoxin  binding  to  purified 
sodium  channels.  Sodium  channels  solubilized  in  Triton  X-100  and  puriBed  rat  brain 
were  pre-incubated  with  approximately  7|iM  of  the  indicated  antibodies  for  4  hr  at  4oC  and  specific 
binding  of  [3H]saxitoxin  was  measured  as  described  under  Experimental  Procedures. 
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nCURE  1. 
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FIGURE  2. 
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